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ABSTRACT
We have observed the nucleus of the nearby luminous infrared galaxy NGC 4418 with subarcsec
resolution at 860 and 450 µm for the first time to characterize its hidden power source. A ∼20 pc
(0.′′1) hot dusty core was found inside a 100 pc scale concentration of molecular gas at the galactic
center. The 860 µm continuum core has a deconvolved (peak) brightness temperature of 120–210 K.
The CO(3–2) peak brightness temperature there is as high as 90 K at 50 pc resolution. The core has
a bolometric luminosity of about 1011 L⊙, which accounts for most of the galaxy luminosity. It is
Compton thick (NH & 10
25 cm−2) and has a high luminosity-to-mass ratio ∼500 L⊙ M⊙
−1 as well as
a high luminosity surface density 108.5±0.5 L⊙ pc
−2. These parameters are consistent with an AGN
to be the main luminosity source (with an Eddington ratio about 0.3) while they can be also due to
a young starburst near its maximum L/M . We also found an optical color (reddening) feature that
we attribute to an outflow cone emanating from the nucleus. The hidden hot nucleus thus shows
evidence of both an inflow, previously seen with absorption lines, and the new outflow reported here
in a different direction. The nucleus must be rapidly evolving with these gas flows.
Subject headings: galaxies: active — galaxies: evolution — galaxies: individual (NGC 4418) —
galaxies: ISM
1. INTRODUCTION
There are galaxies hiding a compact luminous source
in their nuclei and NGC 4418 is their local prototype.
The extremely extinguished power source in this early-
type disk galaxy was first recognized by Roche et al.
(1986) who singled out the galaxy for its infrared bright-
ness. They found very deep silicate absorption at 9.7
µm toward the infrared-bright nucleus and deduced that
the source of the infrared luminosity (∼1011L⊙) is com-
pletely obscured by a dust shroud of AV ≫ 50 mag. They
further inferred from the weakness of line features in the
infrared and optical spectra that the luminosity source is
an accreting massive black hole (i.e., active galactic nu-
cleus or AGN), although they also mentioned a nascent
starburst embedded within a dusty cocoon as a possible
alternative.
Subsequent observations to be reviewed in §1.1 have
supported the presence of a deeply buried compact lumi-
nosity source, although its nature is still debated. NGC
4418 is the most absorption-dominated galaxy in the
mid-infrared diagnostic diagram of Spoon et al. (2007).
Its location on the diagonal branch in the diagram sug-
gests that the luminosity source is almost completely cov-
ered by opaque dust. Usual spectroscopic signs of AGN
can be completely extinguished by this heavy absorption.
Hence, the main piece of evidence for a hidden AGN,
among other indirect ones, has been the compactness of
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the source inferred from the absorption depth. It has
been argued that dust is unlikely to cover an extended
starburst so completely as to cause the deep absorption
features (Roche et al. 1986; Dudley & Wynn-Williams
1997; Spoon et al. 2001). On the other hand, the ar-
guments for very young starburst are based on the low
radio to far infrared ratio and the detection of a warm
molecular gas absorber toward the nucleus. The former
ratio is lower than in radio-quiet AGNs and is consis-
tent with a starburst in the pre-supernova age (< 5 Myr)
(Roussel et al. 2003). The absorbing molecules appear to
be in the region where X-rays would have destroyed them
if the heating is due to an AGN (Lahuis et al. 2007).
The true nature of the luminous nucleus is important
because this type of heavily extinguished nuclei could
double the number of local AGN (Maiolino et al. 2003)
or it could represent a young phase of unusually in-
tense and compact starburst (≪ 100 pc). Luminous
hidden nuclei of this kind are also important because
they may be in a short transition phase to unobscured
AGNs, i.e., in the process of removing the obscuring
gas (e.g., through an AGN-driven outflow, Sanders et al.
1988; Fischer et al. 2010). Such feedback is regarded as
a key process in galaxy evolution and hence requires de-
tailed study (Hopkins et al. 2006; Weiner et al. 2009).
A new approach to characterize and diagnose the com-
pact, luminous, and extinguished nuclei of this kind is
through submillimeter-wave observations at high spatial
resolution. Sub-mm observations directly probe the ther-
mal dust emission that constitutes most of the bolomet-
ric luminosity of such a nucleus. Unlike optical and in-
frared observations, one can look deep into the obscur-
ing material since dust opacity decreases at longer wave-
lengths. Radio interferometry is available in the sub-
mm to achieve sub-arcsec resolution that is currently un-
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available in far-IR where the radiation of such a nucleus
peaks. It is possible to estimate the bolometric lumi-
nosity and luminosity density of the nucleus using the
Stefan-Boltzmann law by measuring the source size and
brightness temperature at a frequency where the nucleus
has a photosphere. One can also probe the nucleus by
measuring its mass from rotation of circumnuclear molec-
ular gas, which can be observed using sub-mm molecular
lines. The luminosity-to-mass ratio, Lbol/Mdyn, so ob-
tained will further constrain the nature of the nucleus
since an AGN can have a higher L/M than stars. Molec-
ular lines can provide additional information on temper-
ature, density, chemical composition of the interstellar
medium (ISM), and on the radial motion of the gas af-
fecting the evolution of the dusty shroud. We had applied
this approach to the ultraluminous infrared galaxy Arp
220, which shares some of the above mentioned charac-
teristics of NGC 4418 including the deep silicate absorp-
tion. We found that the brighter one of the twin nuclei
of Arp 220 has Lbol≥ 2 × 10
11 L⊙ and Lbol/Mdyn& 400
L⊙/M⊙ in the central 80 pc (Sakamoto et al. 2008, here-
after S08) and that each nucleus has a molecular out-
flow causing molecular P-Cygni profiles (Sakamoto et al.
2009).
In this paper, we apply the same approach to NGC
4418 to quantitatively constrain the nature of the deeply
extinguished nucleus through sub-mm high-resolution
observations. We made the first sub-arcsecond resolu-
tion imaging of the galaxy in the submillimeter band, ob-
serving 860 µm continuum and molecular lines including
CO(3–2), HCN(4–3), and HCO+(4–3) and also imaging
the nucleus with 450 µm continuum. We also analyzed
optical multi-color images to probe circumnuclear dust
distribution for signs of disturbance and feedback. The
obtained parameters of the nucleus are similar to the ones
in Arp 220. They are consistent with any of the follow-
ing being energetically dominant: an AGN, a young and
compact starburst, and an AGN-compact starburst com-
bination. Our results support the previous studies using
an independent method and indicate a possible path to
break the degeneracy about the luminosity source with
future observations of higher quality. We also found a
sign of outflow from the nucleus in the optical data. In
the following, we briefly review properties of NGC 4418
and previous studies on the hidden nucleus in §1.1. We
describe our SMA observations in §2 and present the re-
sults in §3, where we also report our examination of op-
tical images of the galaxy. The results are discussed in
§4 and the conclusions are summarized in §5. Our com-
panion paper reports high-resolution 1 mm and cm-wave
observations of the same galaxy (Costagliola et al. 2012,
hereafter C12).
1.1. NGC 4418
Studies on NGC 4418 and its nucleus since Roche et al.
(1986) are summarized below. (To guide readers, an
optical image and key parameters of the galaxy are in
Fig. 1 and Table 1, respectively. We adopt the galaxy
distance of 34 Mpc at which 1′′ is 165 pc.) (1) A
high infrared-to-optical luminosity ratio LIR/LB ≈ 20
(Armus et al. 1987; Young et al. 1989) and the shape of
the spectral energy distribution (SED) suggest that most
of the luminosity of the galaxy is absorbed and rera-
diated by dust as thermal emission (Roche & Chandler
1993). (2) NGC 4418 has warm mid-IR and far-IR colors
S(25µm)/S(60µm) = 0.220 and S(60µm)/S(100µm) =
1.37 (Sanders et al. 2003). The former puts the galaxy
in the ‘warm’ population that often host active nuclei
(de Grijp et al. 1985; Sanders et al. 1988). The latter
also suggests warm dust (color temperature of ∼50 K)
indicative of reprocessed dust emission. (3) The deep ab-
sorption has been confirmed by further spectroscopy and
modeling; the estimated opacity is τ9.7 µm ≈ 7 or AV ∼
100 mag (Roche et al. 1986; Dudley & Wynn-Williams
1997; Spoon et al. 2001; Siebenmorgen et al. 2008). A
radial gradient of temperature in the nucleus may
also contribute to the deep 10 µm depression in the
same way Kwan & Scoville (1976) modeled for proto-
stars (Dudley & Wynn-Williams 1997). It is also sug-
gested from a shallow SED slope in the FIR that the
dust has a high enough column density to be optically
thick even at or beyond 100 µm (Roche & Chandler
1993; Lisenfeld et al. 2000). Likely related to this is
an unusually low ratio of the [C II] 158 µm line
to far-IR luminosity in NGC 4418 (Malhotra et al.
1997; Gracia´-Carpio et al. 2011). (4) The compact-
ness of the infrared nucleus has been directly con-
firmed with mid-IR imaging at subarcsecond reso-
lutions (Wynn-Williams & Becklin 1993; Evans et al.
2003; Siebenmorgen et al. 2008). According to the Keck
imaging by Evans et al. (2003), the 10 µm size of the nu-
cleus is 0.′′3 and the 25 µm size is less than 0.′′6, which is
the diffraction limit of the 10 m telescope. (5) The nu-
cleus is also compact (∼0.′′1–0.′′4) and has a high bright-
ness temperature (& 105 K) at ∼2 GHz (Condon et al.
1990; Kewley et al. 2000; Baan & Klo¨ckner 2006). Such
a radio nucleus is either an active nucleus or a com-
pact starburst or their hybrid (Smith et al. 1998). (6)
Chandra X-ray observations “may imply the presence
of a Compton-thick AGN” although the identification
is “somewhat tentative” because of the limited pho-
ton statistics (Maiolino et al. 2003). (7) NGC 4418
has far-IR excess compared to its radio strength, at-
tributed either to a dust-enshrouded AGN or to a young,
compact starburst (Kawara et al. 1990; Yun et al. 2001;
Roussel et al. 2003). (8) Molecular gas concentration to
the central ≤ 5′′ has been observed with interferometers
(Imanishi et al. 2004; Dale et al. 2005; Sakamoto et al.
2010; C12). The mass of the molecular gas will be about
1×109 M⊙ if the average conversion factor in our Galaxy
(Hunter et al. 1997) applies to the observed CO(1–0) flux
of 100±50 Jy km s−1 (Kawara et al. 1990; Sanders et al.
1991; Young et al. 1995; Dale et al. 2005; Albrecht et al.
2007). NGC 4418 has a high infrared luminosity-to-
molecular gas mass ratio of LIR/Mmol ∼ 100 L⊙/M⊙
for the above Mmol (Kawara et al. 1990; Sanders et al.
1991). High-excitation molecular lines with excita-
tion temperatures above 100 K have been detected
toward the nucleus (Aalto et al. 2007; Lahuis et al.
2007; Costagliola & Aalto 2010; Sakamoto et al. 2010;
Gonza´lez-Alfonso et al. 2012a; C12). The last four pub-
lications report vibrationally excited molecules and the
last three report lines involving energy levels as high
as ∼1000 K. (9) Redshifted absorption lines have been
found toward the nucleus by Gonza´lez-Alfonso et al.
(2012a) in the mid-infrared O I and OH lines and by
Costagliola et al. (2012) in the H I 21 cm line. These are
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attributed to a gas inflow.
2. SUBMILLIMETER ARRAY OBSERVATIONS
2.1. 350 GHz (860 µm) Observations
We observed NGC 4418 in 2009, 2010, and 2012
at around 350 GHz (860 µm) using the Submillime-
ter Array (SMA)6. We used the subcompact (SC), ex-
tended (EXT), and very extended (VEX) array configu-
rations. Observational parameters are in Table 2. The
data from the SC configuration were already reported in
Sakamoto et al. (2010, hereafter S10) and are combined
here with the new data. The overall coverage of baseline
lengths is 6–509 m or 7–590 kλ at 350 GHz for the galaxy.
We simultaneously observed CO(3–2) and HCO+(4–3)
lines in 2009 and CO(3–2) and HCN(4–3) in 2010 us-
ing 2 GHz of bandwidth. We used in the EXT and SC
configurations 4 GHz bandwidth to simultaneously ob-
serve CO(3–2), HCO+(4–3), and HCN(4–3). The SMA
primary beam covers about 34′′ (5.6 kpc) in full width
at half maximum (FWHM) at our observing frequencies.
The SMA spectrocorrelator was configured to the reso-
lution of 3.25 MHz (about 3 km s−1) and recorded data
from both upper and lower sidebands (USB and LSB).
We used 3C273 for our gain, passband, and pointing cal-
ibrations. We also observed the quasar J1222+042 and
Titan in our 2010 VEX observations for further calibra-
tion and its verification. Flux calibration was made us-
ing Titan and Ganymede in 2009, and Titan in 2010
and 2012. The angular distances from our gain cali-
brator 3C273 to NGC 4418, J1222+042, and Titan in
our 2010 observations, were only 3.0, 2.7, and 4.0 de-
grees, respectively. This mitigated calibration errors due
to direction-dependent phase de-correlation, atmospheric
transmission, and pointing offsets.
We reduced our data using MIR for calibration
(Scoville et al. 1993), MIRIAD for imaging (Sault et al.
1995), and AIPS (Bridle & Greisen 1994) and stand-
alone programs for further data analyses. The data were
first imaged at 30 km s−1 resolution for the entire band-
widths to identify lines. Then the ‘line-free’ channels
were identified and integrated to create continuum data.
That continuum is then subtracted from the original to
make continuum-subtracted visibilities. The spectra and
the identified lines are presented in §3.1. The line data
were further analyzed after binning to 10–30 km s−1 res-
olutions. We did self-calibration of phase using the con-
tinuum data when making images from the VEX data,
although we did not do that when measuring the source
position or fitting the visibilities to determine the size
and flux density of the continuum source. Table 3 sum-
marizes the properties of the images and spectral data
cubes used in this paper.
2.2. 660 GHz (450 µm) Observations
We also observed the galaxy at 660 GHz (450 µm) dur-
ing our VEX 350 GHz observations in 2009 and 2010 by
allocating 2 GHz of correlator bandwidth to our high
frequency receivers. Only the 2010 run resulted in use-
able data from five antennas. Atmospheric absorption
6 The Submillimeter Array is a joint project between the Smith-
sonian Astrophysical Observatory and the Academia Sinica Insti-
tute of Astronomy and Astrophysics, and is funded by the Smith-
sonian Institution and the Academia Sinica.
was significant at our observing frequency even though
the weather condition was excellent for Mauna Kea. The
mean zenith opacity was 0.038 at 225 GHz and 0.89 at
350 µm during our observations according to the mon-
itoring at the adjacent Caltech Submillimeter Observa-
tory. The opacity should be about the same at 450 and
350 µm. The median double sideband (DSB) system
temperature was about 1200 K toward NGC 4418. We
used 3C273 for both passband and gain calibration. Both
350 GHz and 660 GHz data were used for the gain cal-
ibration. We first applied the 350 GHz gain solution
with its phase multiplied by the ratio of the observing
frequencies, 1.9, and then derived another gain solution
using the 660 GHz data and applied it to improve the cal-
ibration. No strong line is in our passband and the data
are treated as continuum. Since Titan is too heavily re-
solved, flux calibration at 660 GHz is based on the 350
GHz flux density of 3C273 scaled to 660 GHz using the
spectral index of α = −1.0 (S10). We estimate our flux
measurements at 660 GHz to be accurate only to 36%
(for σ(α) = 0.3 and 30% error for other calibrations).
3. OBSERVATIONAL RESULTS AND ANALYSIS
3.1. Spectra and Line-Continuum Separation
Figures 2 and 3 show spectra7 made from the VEX
data alone and from the EXT and SC data, respectively.
The SC+EXT data are two times more sensitive than
the SC data alone reported in S10.
Two lines among about ten in the spectra are
new detections in this galaxy. Both are from vibra-
tionally excited HC3N. Namely, HC3N(v7=1
1f ,J=39–
38) is at frest=356.072 GHz and has its upper energy
level at Eu = 663 K. HC3N(v6=1
1e,J=39–38) is at
frest=355.278 GHz and has Eu = 1059 K. The dou-
blet counterpart of the former line (v7=1
1e,J=39–38)
was already identified at frest=355.566 GHz in S10.
Lower J transitions of the latter line were detected
in Costagliola & Aalto (2010) and C12. Its doublet
counterpart (v6=1
1f ,J=39–38) at frest=355.557 GHz
is blended with the HC3N(v7=1
1e,J=39–38) mentioned
above. Although unidentified, there may be more lines,
e.g., at frest ∼ 343.4 and 357.5 GHz; species having a
line at the former frequency include H2CS and HOCO
+.
The 350 GHz continuum in each sideband was
made by averaging the following channels. For the
VEX data we used channels outside of 1900–2300
km s−1 for CO(3–2), HCN(4–3), H13CN(4–3), HC15N(4–
3), HCN(v2=1
1f ,J=4–3), HCO+(4–3), CS(7–6), and
HC3N(39–38) and (38–37). For the EXT and SC data we
excluded channels having velocities of 1850–2350 km s−1
for the same lines8 plus HC3N(v7=1
1f ,J=39–38) and
(v7=1
1e,J=39–38), channels between CO(3–2) and its
nearest band edge, and the same for HCN(4–3). The
660 GHz continuum was averaged over the full band-
width and both sidebands.
7 Throughout this paper, velocities are with respect to the local
standard of rest (LSR) and are defined with the radio convention,
i.e., vradio = c(1−(fobs/frest)) where f denotes frequency and c the
speed of light. The conversion to velocity in the optical definition
is vopt = cz = vradio + 15 km s
−1 for NGC 4418.
8 The velocity range used here is the same as the one used
to analyze the SC data in S10 although the note in their Table 1
described it otherwise.
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3.2. Concentration of Gas and Dust in the Nucleus
Submillimeter emission is detected only from the cen-
tral kpc (∼6′′) with different spatial extents in various
emission components. We show this below using maps,
aperture photometry, and visibility fitting.
3.2.1. Maps
Figure 4 shows CO(3–2) channel maps to display faint
extended emission at 0.′′6 resolution. The data cube
was made by combining all our data. We detected here
797±80 Jy km s−1 or 84±18 % of the single-dish CO(3–
2) flux observed in the central 14′′ of the galaxy by
Yao et al. (2003). Despite the high recovery rate, the
CO(3–2) emission was detected only in the central 6′′ (1
kpc) of the galaxy, showing that the extent of the CO(3–
2) emission is intrinsically smaller than our 34′′ (5.6 kpc)
field of view. The CO emission is not only compact but
also strongly peaked toward the nucleus within the cen-
tral kpc. In this data set more than half (58 %) of the
CO(3–2) flux in the central kpc is in the central 165 pc
(1′′, FWHM).
Figures 5 and 6 respectively are CO(3–2) and HCN(4–
3) channel maps at ∼0.′′3 (50 pc) resolutions showing
that the line emission is strongly peaked at the nucleus
at subarcsecond (.100 pc) scales. These data cubes were
made from the VEX data alone. This CO(3–2) data cube
contains about 50% of the CO flux detected in our 0.′′6
resolution data.
Our continuum and line moment maps are shown in
Figs. 7 and 8. The spatial resolutions are about 0.′′6 and
0.′′3 for 350 GHz data and 0.′′2 for 660 GHz continuum.
In particular, Fig. 8 (k) and (l) show our detection of a
compact continuum source at the galactic center. The
continuum position is listed in Table 1 and agrees to
∼0.′′3 with the optical and radio positions of the nucleus;
see the caption of Table 1 for the optical position and
Condon et al. (1990) for the radio position.
3.2.2. Aperture Photometry
The degree of central concentration, or compactness,
is compared among various lines and continuum at 350
GHz in Table 4 using the ratio of flux (or flux density) be-
tween the central 0.′′5 (80 pc) and 6′′ (1 kpc). The former
photometry is made using our data from the VEX con-
figuration and the latter data are from S10 that used the
SC configuration. The ratios for various emission compo-
nents indicate their relative compactness. The relatively
extended nature of CO(3–2) emission is evident from its
low ratio. Only one third of the CO(3–2) emission is
from the central 0.′′5. Lines other than CO have higher
flux ratios, and hence are more concentrated toward the
nucleus. The ratio for 860 µm continuum, 0.95 ± 0.07,
is the highest among the ratios with S/N > 3 in Table
4. Thus 860 µm continuum emission is more compact
than both the CO and non-CO high excitation lines. At
the same time, the continuum emission in the VEX data
is slightly more extended than the 0.′′3 synthesized beam
as seen in the last two panels of Fig. 5. The detected
450 µm continuum also looks compact but it has only a
minor fraction of single-dish measurement.
3.2.3. Visibility Fitting : 860 µm Continuum
Figure 9 (a)–(c) show fits to the continuum visibilities
of NGC 4418, a test point source J1222+042, and Titan
whose subarcsecond size is known. The fit results are
listed in Table 5. For NGC 4418, data from the three
array configurations are combined. This cannot be done
for the calibrators because their flux densities and the
apparent diameter of Titan change with time. Since the
NGC 4418 data were taken in three different nights the
three data sets should have independent flux calibration
errors, which are typically about 10–20% for the SMA
350 GHz observations. However, we did not add the flux
scaling error in the plot and in our fitting because do-
ing so would make the reduced χ2 well below unity. It
is most likely that we achieved better flux calibration
than usual, presumably because we had accurate point-
ing from repeated pointing on the bright quasar 3C273
next to NGC 4418, our primary flux calibrator Titan was
also close to 3C273 and NGC 4418, and atmospheric ab-
sorption was low (225 GHz zenith opacity ≤ 0.05 for all
the three nights). The size of 850 µm continuum emission
of NGC 4418 obtained from our data is 0.′′10 (FWHM).
We will use this for the source modeling in §3.3.
We verified our visibility fitting using the quasar
J1222+042 and Titan. They were gain calibrated us-
ing 3C273 in the same way as NGC 4418 was calibrated.
Our fit of J1222+042 using a Gaussian shows that blur-
ring of the point source was less than 50 milli arcsec
(mas) in our observations. The diameter of Titan at 860
µm is known to be 5230 km or 0.′′8425 for the distance of
8.5588 AU. This size includes the 40 km altitude of the
tropopause, around which is the sub-mm photosphere of
Titan. The distance at the time of our 2010 VEX obser-
vations is from JPL-Horizons. Fig. 9 (c) shows that our
data match the expected visibility curve very well with
only flux scaling. When the data were fit for both the
source size and amplitude scaling, we obtained the size
of the sub-arcsecond source with an accuracy better than
3% or to 20 mas.
The flux density of Titan sets the absolute amplitude
scaling of all the visibility fitting. We adopt the con-
tinuum brightness temperature of 77 K as the Planck
temperature that gives the total flux density of Titan for
the solid-surface diameter (5150 km) of the satellite (M.
Gurwell, private communication). Our Titan data do not
contain CO(3–2) and HCN(4–3) lines, both of which are
known to be bright. Still, our imperfect knowledge of the
atmosphere of Titan may introduce a common amplitude
error to our data even though the relative calibration us-
ing Titan is precise and consistent among the three data
sets. We therefore assign 5% to the overall flux scal-
ing uncertainty of our NGC 4418 fit, even though the
formal error in the fitting was about 1%. In addition
to this, there is likely contamination of line emission to
the ‘line-free’ channels used for the USB continuum of
the galaxy. We observed a sign of that in our SC con-
figuration data in the form of an uncomfortably large
spectral index α = 6.25 ± 0.84 (Sν ∝ ν
α) between the
two sidebands (S10). A similar sign was seen in our 2010
VEX data too. Since we used the USB continuum in the
multi-configuration fitting as LSB data were noisier, the
line contamination is likely in the fitted amplitude. Its
effect on the luminosity estimate is addressed in §3.3.3.
3.2.4. Visibility Fitting : Lines
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Fig. 9 also shows visibility amplitudes of line emission
against baseline lengths. Line visibilities were averaged
over 1900–2300 km s−1 after continuum subtraction, and
then binned according to the baseline length. It is evi-
dent in the figure that the line visibility amplitudes de-
cline faster than the continuum amplitudes. In other
words, line emission is more extended than continuum.
Comparison of CO, HCN, and HCO+ data tells us that
the CO emission is more extended than the latter two,
confirming our observation using the aperture photome-
try. Moreover, the CO visibility plot shows that the data
cannot be fit with a single Gaussian in the u–v domain.
Hence the spatial distribution of the CO(3–2) emission
is not a Gaussian. The line emission distribution has at
least a compact subarcsecond peak toward the nucleus
(Fig. 8) and an extended component with the total ex-
tent of ∼5′′ (Fig. 7). The extended component is non-
axisymmetric around the nucleus (Fig. 7).
3.3. Parameters of the Continuum Core
3.3.1. Spectral Energy Distribution, Continuum Opacity
The continuum SED has a power-law slope of α =
2.55±0.18 (Sν ∝ ν
α) between 1.3 mm and 0.85 mm. This
is measured from the SMA data in Figure 10, namely
from this work, S10, and the 1.3 and 1.1 mm obser-
vations used in the companion paper (C12). Since the
SMA continuum data were taken from line-free spectrom-
eter channels in each dataset, none of the SMA data
is contaminated by strong emission lines such as CO
unlike wide-band bolometer data. The spectral slope
that we obtained is shallower (i.e., α is smaller) than
those of other local IR luminous galaxies but is con-
sistent with the results of the FIR-to-mm SED surveys
of Lisenfeld et al. (2000) and Yang & Phillips (2007), in
each of which NGC 4418 has the shallowest spectral slope
in about 15 galaxies.
Two simple models for the spectral index suggest that
the α measured at the nucleus is due to the dust opac-
ity τ ∼ 1 at λ ∼ 1 mm. In the first model of a sim-
ple one-zone slab, the spectral slope should be α =
2 + βτ(eτ − 1)−1 where β is the index of power-law fre-
quency dependence of the dust opacity and τ is the slab
opacity at the wavelength of the α measurement. Here
we used the Rayleigh-Jeans approximation because the
brightness temperature of the 0.′′1 nucleus exceeds 100 K
as we will see next (§3.3.3). With optically thin emis-
sion, this model gives the familiar form of α = 2 + β.
The low α observed in NGC 4418 means low β or a
moderate opacity of dust emission, i.e., τ ∼ 1 at λ ∼ 1
mm. The dust opacity about 1 is favored, as was con-
cluded by Lisenfeld et al. (2000), because most infrared
luminous galaxies have β ≈ 1.5–2 (Lisenfeld et al. 2000;
Dunne & Eales 2001). The observed α corresponds to
τ = 2.2 ± 0.5 and 1.8 ± 0.5 for β = 2 and 1.5, respec-
tively. For the second model, we note that the SED slope
does not become 2 at shorter wavelengths as expected
for τ ≫ 1. The shallower slope of the Planck function
compared to the Rayleigh-Jeans formula must partly be
the reason. Another likely reason is that the dust dis-
tribution is not just a 0.′′1 slab of uniform opacity but
presumably has a low opacity halo as suggested by the
larger extent of line emission than the 860 µm contin-
uum. The spectral slope in the general multi-component
case without mutual shielding is the flux-weighted mean
of the spectral indexes, α =
∑
Siαi/
∑
Si, where the ith
component has the flux density Si and spectral index αi.
For α1 = 2 and α2 = 4, the observed α corresponds to a
fraction of the optically thick core of 73± 9 %. Thus as
long as we assume β ≈ 2, we need an optically thick core
(τ & 1) that dominates the spectral energy distribution
at λ ∼ 1 mm. In addition to the two models, the high
opacity is also supported by the high brightness tem-
perature that sets a lower limit of about 0.1 to the 860
µm opacity from the constraint that opacity-corrected
brightness temperature cannot exceed dust sublimation
temperature.
There are other factors that depend on frequency and
potentially affect the spectral index. They include the
core size defined with the τ = 1 surface, the dust tem-
perature at the photosphere, and absorption of the core
emission by dust around it. The last one is addressed in
§3.3.4.
3.3.2. Gas Column Density, Mean Density, and Mass
The dust continuum opacity τ860 µm ≈ 1 of the core
translates to a hydrogen column density NH ∼ 10
25.7
cm−2 for the dust opacity to column density relation
N(H + H2)/τλ = 1.2 × 10
25(λ/400 µm)2 H-atom cm−2
(Keene et al. 1982; Hildebrand 1983). Since the core has
a size of ∼20 pc (0.′′1 in FWHM from §3.2.4; see the next
subsection for two models), we obtain nH2 ∼ 5 × 10
5
cm−3 for the mean gas density (i.e., number density of
hydrogen molecules) and Mmol(r ≤ 10 pc) ∼ 1× 10
8 M⊙
for the total gas mass in the core assuming that the gas is
mostly molecular there. The total mass depends on the
density distribution. The estimate above is for a uniform
density and is an upper limit if the gas density increases
toward the center.
3.3.3. Brightness Temperature and Luminosity
Table 6 lists the deconvolved (peak) brightness tem-
perature and the bolometric luminosity of the nucleus.
The luminosity is derived from the 860 µm core size and
the temperature. Here we use two different models to
estimate the brightness temperature and the bolometric
luminosity of the nucleus as we did in S08 for Arp 220.
One is the circular Gaussian we used for the visibility
fit above and the other is a circular disk with uniform
brightness. The Gaussian model describes dust that is
not fully opaque across the nucleus and that may also
have a radial temperature gradient. The circular disk
model corresponds to a sphere of uniform surface bright-
ness projected on the sky. Both models can fit the same
data well when the visibilities are sampled only within
the half-maximum baseline length of the visibility func-
tion. The diameter of the model disk is 1.6 times the
FWHM of the Gaussian in such a case (S08). For the lu-
minosity calculation, it is assumed that the 860 µm emis-
sion is optically thick in the uniform disk/sphere model.
Since the deconvolved Tb was used without any opacity
correction (i.e., not divided by 1−e−τ), the derived tem-
perature and luminosity are lower limits. We calculated
the luminosity of the Gaussian model by using its FWHM
size and its peak brightness temperature. This crudely
approximates the effect mentioned earlier that the size of
the photosphere should increase toward higher frequen-
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cies as dust opacity increases with frequency.
The derived luminosity of the nucleus is about 1 ×
1011 L⊙, which is comparable to the total luminosity of
the galaxy (1011.1 L⊙, Table 1). We obtained nuclear
luminosities log(Lbol/L⊙) = 11.3± 0.3 and 10.8± 0.3 for
the two models. Luminosity surface density and volume
density are also calculated for each model and listed in
Table 6 for the central ∼20 pc. The errors here and in
Table 6 are random errors due to the 5% flux error and
the 11% size uncertainty and do not include systematic
error due to the models.
There are two notable sources of systematic errors in
the derived parameters in addition to the assumptions on
the source shape and on the 860 µm opacity. (The under-
estimating effect of the latter is minor as noted in S08.)
One is the absorption of the core emission by the sur-
rounding dust and gas. It arises because the ∼0.′′1 (∼20
pc) continuum core is embedded in an order of magnitude
larger envelope as we saw in §3.2. The continuum emis-
sion from the core must suffer from extinction to some ex-
tent by the envelope through continuum self-absorption
and line absorption by various molecules. Our continuum
brightness temperature derived without the extinction
correction is therefore a lower limit of the true bright-
ness temperature at the surface of the ∼0.′′1 core. The
correction for it would increase the core luminosity. We
will analyze this submillimeter extinction a little more
in §3.3.4 and find the extinction to be about 5% at 860
µm. The other source of systematic error is the possible
contamination of the 860 µm continuum by molecular
lines. This effect can be estimated to be about 10% as-
suming that the spectral index between lower and upper
sidebands obtained in the SC configuration, 6.25 ± 0.84
(§3.2.3), is due to line contamination to the USB data
and that the true continuum spectral index is 2.55±0.18
(§3.3.1). The continuum brightness temperature of the
core would be lower without the contamination. How-
ever, this does not necessarily mean that the bolomet-
ric luminosity of the core is overestimated by this effect.
Thermal lines can significantly add flux density to the
860 µm continuum only when the line and continuum
opacities satisfy τline > τcont and τcont . 1, because no
thermal line will be seen from a blackbody. Since we use
the brightness temperature of the continuum core for our
luminosity estimate assuming that the continuum is op-
tically thick, the line emission, if it is from the 0.′′1 core
itself, would (partly) compensate for the decrement of
the observed continuum brightness temperature due to
τcont that is not ≫ 1.
In addition to these two error sources, our visibility
fits are insensitive to a point-like source with a small
flux contribution. This is due to our u–v coverage limit.
For example, a 20 mJy source with a size of 20 mas (3
pc) can be undetected in our visibility fit (Fig. 9 a) and
would have a temperature of 700 K and luminosity of
1012 L⊙. The total luminosity of the galaxy limits the
presence of such compact sources.
3.3.4. 450 µm Continuum
We detected 450 µm continuum at 5.8σ with the res-
olution of 0.′′23 × 0.′′15 at the position of the 860 µm
continuum peak (Fig. 8 (l)). The 450 µm nucleus in
the map appears unresolved but this is largely due to
the low signal-to-noise (S/N) ratio. (Image-domain fit-
ting gives a nominal deconvolved size of 0.′′10±0.′′04 in
the major axis while the source is unresolved in the mi-
nor axis.) The 450 µm detection of the subarcsec-scale
nucleus is at 10σ and hence even more secure when the
data are convolved to 0.′′5 resolution (Table 4). (The
S/N increases because the convolution lowers the weight
of noisy long baselines.) The peak and total flux den-
sities in both resolutions are about 370 mJy and mJy
beam−1, respectively.
The 450 µm continuum flux density that we detected
is significantly lower than that of the central 3 kpc of
the galaxy (see Fig. 10). The ratio is 0.31 ± 0.15
between the SMA and single-dish measurements. The
latter was made by Roche & Chandler (1993) with the
UKT14 bolometer, the filter of which had the effective
frequency of 682 GHz (440 µm) and the bandwidth of
84 GHz (Duncan et al. 1990). We subtracted from the
bolometer measurement the contribution of CO(6–5) line
(∼0.1 Jy, calculated from the CO(3–2) single-dish flux of
Yao et al. (2003) scaled by a factor of 4) and rescaled the
continuum to our observing frequency using the spectral
index α = 2.55. The single-dish flux density of the 450
µm continuum estimated this way is 1.18± 0.33 Jy. The
low flux recovery ratio at 450 µm suggests that there is
a significant 450 µm emission that is too extended for
detection at our sensitivity and with the shortest base-
line of 240 kλ in the VEX configuration. We simulated
the degree of flux recovery with our actual u–v coverage
for Gaussian sources of various sizes. (We did not fit
the visibilities unlike our 860 µm data analysis because
the 450 µm data have lower S/N ratio.) Fig. 11 shows
that the size of the 450 µm continuum source would be
0.′′24±0.′′07 (FWHM) if the source were approximately a
single Gaussian. The peak brightness temperature of the
source would be 70±20 K and the bolometric luminosity
of this source would be on the order of only 1010.2 L⊙,
which disagrees with our estimate at 860 µm.
A two-component model with a core and an envelope
agrees with the observations within the errors and is
more reasonable in our view. The two components are
introduced in view of the compact continuum core and
the more extended CO emission both observed at 860
µm. They are treated separately to simplify our model-
ing though they are probably not two discrete entities.
(More detailed multi-component models have been made
by Gonza´lez-Alfonso et al. (2012a) and C12. Our inten-
tion here is not to update their models but to apply a
simple model to understand our sub-mm continuum ob-
servations.) The core and envelope are assumed to have
sizes of 0.′′1 and 0.′′5 (both in FWHM), respectively. Also
the core is assumed to dominate the 860 µm emission
with 85% of the total flux density. The extended enve-
lope with the small remaining flux density has too low a
surface brightness to be detected in our high-resolution
map. However, the amount of extended 860 µm con-
tinuum in this model is implied by our CO(3–2) data.
Namely, if one third of the CO(3–2) emission is from the
envelope region, then its flux of about 300 Jy km s−1 and
the typical CO(3–2) equivalent width of 1× 104 km s−1
among infrared bright galaxies (Seaquist et al. 2004) sug-
gest a 860 µm extended continuum of ∼30 mJy, which
is about 15% of the total continuum flux density. The
analysis of spectral index in §3.3.1 also implied a small
ApJ in press 7
contribution to 860 µm emission from an optically-thin
and extended component. We assume the spectral index
between 860 µm and 450 µm to be 2 for the optically
thick core and 4 for the optically thin envelope (i.e., the
model assumes β = 2). In addition, since the core is
embedded in the envelope, the former should be extin-
guished by the latter. The opacity of the envelope to
cover the core is assumed to be ∼1 at 200 µm, which we
took from the model of Gonza´lez-Alfonso et al. (2012a)
noting that it makes the envelope optically thin at 860
µm (τ = 0.05) as we assumed above. At 450 µm the core
is extinguished by the envelope with τ = 0.2 and the en-
velope itself is resolved out in our VEX data. Overall,
this model predicts our flux recovery rate to be about
45%, which agrees with our observed value of 31± 15 %.
The current data quality does not justify further param-
eter tuning and model refinement.
This model illustrates that two effects likely contribute
to the lower flux recovery rate at 450 µm than 860 µm.
One is that the core emission is saturated while emission
from the extended outer region is not. The other is that
the emission from the hot nucleus is extinguished more
at shorter wavelengths by the colder circumnuclear dust.
These effects can also explain the 60 µm peak of the
SED of NGC 4418 despite the energetically dominant
core emitting at > 100 K at 860 µm. The same effects
probably explain similar observations in Arp 220 where
the two nuclei contribute much less to the total at 435
µm than at 860 µm (Matsushita et al. 2009).
3.4. Kinematics of Molecular Gas
The HCN velocity map Fig. 8(f) shows in the central
0.′′5 (80 pc) a systematic gradient of mean velocity in
the northeast–southwest direction, which is close to the
galaxy major axis (p.a.=60◦, Table 1). The HCN channel
maps in Fig. 6 show this velocity structure as the shift
of the emission peak across the continuum position from
southwest (lower-right) to northeast (upper-left) in chan-
nels between 1990 and 2200 km s−1. In Figure 12, mo-
ment maps of HCN, HCO+, and CS confirm the presence
of the gradient across the nucleus although the direction
of the velocity gradient is closer to the north–south di-
rection in these lower resolution data. This is also the
case in the CO high-resolution data (Fig. 8 (b)) in the
central 0.′′5.
We attribute the central velocity gradient to rotation
around the luminous core and estimate its dynamical
mass to be Mdyn(r ≤ 15 pc) ∼ 2×10
8M⊙. We estimated
for this a velocity shift of about 400 km s−1 in 0.′′2 across
the nucleus from the CO and HCN position-velocity dia-
grams in Fig. 13, where almost the full velocity range of
each line is observed at the central ∼0.′′3. The Keplerian
dynamical mass above is for the 62◦ inclination of the
galaxy. Because of the insufficient spatial resolution to
obtain an accurate rotation curve, our Mdyn estimate is
admittedly crude and its error may be as large as a factor
of 2 even if the adopted inclination is correct. If the rota-
tion velocity increases toward the center at these scales,
as we will see possible below, the dynamical mass is more
likely to be overestimated. For comparison, we estimated
in our companion paper the mass of the central black
hole in this galaxy to be 9 × 106 M⊙ (Costagliola et al.
2012, for the distance of 34 Mpc). This value follows
from the K band bulge luminosity 109.8L⊙,K , which is
calculated from the total galaxy luminosity in Table 1
and the mean bulge-to-total luminosity ratio of 0.31 for
Sa galaxies (Graham & Worley 2008). The mass should
have a factor of 2 uncertainty due to the scatter in the
LK,bulge–Mbh correlation (Marconi & Hunt 2003).
We also infer from information of multiple lines that
gas motion is faster toward the center. Fig. 14 and Table
7 show the centroid velocities and widths of the molecular
lines measured in the SC configuration data of S10. An
interesting observation here is that there are two groups
in the centroid velocity – line FWHM plane. The first
group consists of CO(3–2), CO(2–1), and N2H
+(3–2) and
have centroid velocities Vc ≈ 2100 km s
−1 and FWHM ≈
142 km s−1. The rest of the lines form the second group
at Vc ≈ 2088 km s
−1 and FWHM ≈ 234 km s−1. Also,
there is a trend that lines with higher critical densities
are wider. This variation of line parameters again sug-
gests that the molecular gas in the center of NGC 4418
has non-uniform properties or multiple components. In-
deed, the latter trend can be easily explained if the gas
motion around the nucleus is faster closer to the center
and if denser gas is more localized around the nucleus.
This model agrees with our previous observation in Ta-
ble 4 that the lines with higher critical densities are more
concentrated in the nucleus than CO. If lines with higher
critical densities indeed trace gas closer to the nucleus,
and if we also assume that the gas distribution is axisym-
metric around the nucleus, the true systemic velocity of
the nucleus would be about 2088 km s−1.
We can also evaluate radial motion of molecular gas
from our data. HCN spectra near the continuum peak in
Fig. 15 and the HCN PV diagram (Fig. 13) show a minor
depression (2σ) at 2080 km s−1. This may be due to gas
at about Vsys and through line self-absorption or line ab-
sorption of the continuum from the core. The velocity of
this possible absorption and the absence of clear absorp-
tion off the systemic velocity indicate little radial motion
of the HCN gas. Meanwhile, the CO emission is signifi-
cantly brighter below about 2100 km s−1 than at higher
velocities in the PV diagram. See also the CO line profile
at the continuum core position in Fig. 15 where the line
profile is asymmetric. If this is due to self-absorption
of the CO emission, the foreground gas causing the ab-
sorption (and weaker CO emission) is redshifted with
respect to the systemic velocity and hence is flowing in-
ward. Although this asymmetry can be due to a chance
imbalance of gas distribution between approaching and
receding halves around the galactic center, this is quali-
tatively consistent with the redshifted O I, OH, and H I
absorption observed by Gonza´lez-Alfonso et al. (2012a)
and Costagliola et al. (2012). The plausible gas motion
mentioned here is opposite to that in Arp 220 where P-
Cygni profiles of molecular lines suggested molecular out-
flows (Sakamoto et al. 2009).
Gas motion outside the central 0.′′5 does not appear to
be ordinary rotation in our data. The CO mean velocity
maps Figs. 7 (b) and 8 (b) do not show an ordinary spider
pattern of a rotating gas disk at r ≥ 0.′′25. The velocity
maps probably contain a mixture of rotational and radial
motions and appear complex because of non-uniform gas
distribution and optical thickness of the CO line.
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3.5. Gas Properties
Our high resolution observations also provide the fol-
lowing new insights into gas properties in the nucleus.
First, the CO(3–2) line has a peak brightness tempera-
ture of 90 K at 0.′′3 resolution (Table 4), indicating warm
molecular gas around the nucleus. The brightness tem-
perature of thermalized CO is the gas kinetic temper-
ature diluted by the CO opacity and by the observing
beam if it is larger than the source. Both dilution effects
are probably small for the extended 12CO in this case.
To put the observed Tb into context, the peak value of 90
K at 50 pc resolution surpasses the peak CO brightness
temperatures of about 50 K observed in Arp 220 and
NGC 253 at 100 pc (0.′′3) and 20 pc (1′′) resolutions, re-
spectively (Sakamoto et al. 2008, 2011). Meanwhile both
HCN(4–3) and HCO+(4–3) have peak brightness temper-
atures of about 30 K at the same 0.′′3 resolution (Table
4). Their ∼3 times lower Tb than that of CO must be
largely due to beam dilution effects for these lines be-
cause they were found more compact than CO(3–2) in
§3.2. Subthermal excitation and lower opacities of HCN
and HCO+ may be additional reasons for the lower Tb
of these lines.
Second, the detection of lines from vibrationally ex-
cited molecules is another indication of high tempera-
tures in the nucleus. The HCN and HC3N lines that
we detected from their vibrationally excited states have
upper energy levels 510–1070 K above the ground level.
Vibrational temperatures of these molecules have been
estimated to be around 300 K (Costagliola & Aalto 2010;
S10; C12). Infrared radiation has been suggested to play
a significant role for the vibrational excitation in the
∼100–200 K gas and dust that we inferred from bright-
ness temperatures. Our companion paper (C12) presents
a more detailed analysis and discussion on the excitation.
Third, the mean gas density nH2 ∼ 5 × 10
5 cm−3 of
the ∼20 pc core (§3.3.2) is high enough for CO excita-
tion to J=3 but not for HCN and HCO+ to J=4. Their
critical densities for collisional excitation at 100 K are
∼104.5, 107, and 108 cm−3, respectively. The mean den-
sity is also far short of the ∼1011 cm−3 critical density
to vibrationally excite HCN with H2 collisions. There-
fore the excitation of the lines with high critical den-
sities are probably achieved through photon trapping,
non-uniform density distribution to allow higher local
densities than the mean, mid-infrared radiation, and/or
electron collisions (S10; C12).
Fourth, the ratios between lines and between line and
continuum vary with the area size of the measurements in
the way expected when the interstellar medium is warmer
and denser at smaller radii. This is a consequence of
the size variation among various emission lines (§3.2).
For example the HCN(4–3)/CO(3–2) ratio of integrated
brightness temperatures is 0.32±0.03 and 0.170±0.004 at
0.′′5 and 6′′ apertures, respectively. The ratio is expected
to be higher when molecular gas is denser, warmer, or fa-
vorable for HCN line emission in other ways. Similarly,
the equivalent widths of lines with respect to the contin-
uum depend on the size scale. The CO(3–2) equivalent
width changes by a factor of 3, between 1.4 × 103 and
4.2 × 103 km s−1, from 0.′′5 to 6′′ scales. The smaller
equivalent width at the smaller scale can be explained
by the higher opacity of the dust continuum at the con-
tinuum core (S08). Finally, the ratio between HCN(4–3)
to HCO+(4–3) is 2.08 ± 0.27 in the central 0.′′5 while it
is 1.65± 0.07 in the central 6′′ (S10). Among other dif-
ferences, HCN has an order of magnitude higher critical
density for collisional excitation and is also easier to ra-
diatively excite than HCO+ (S10). See §4.1.8 for more
discussion on this line ratio.
3.6. Optical Color Index
We found a U-shaped red feature in the multi-band
optical images of the galaxy from the Sloan Digital Sky
Survey (SDSS). Fig. 16 shows the distribution of a flux
ratio involving four SDSS bands, (i′+z′)/(g′+r′). Areas
brighter at longer wavelengths (i′ and z′) are shown in
red while areas of lower flux ratios are in blue. The U-
shaped red feature is along the northwestern semi-minor
axis of the galaxy. No counterpart is visible around the
southeastern semi-minor axis. The reddest point is al-
most on our 860 µm continuum peak (i.e., the nucleus)
and is about 0.5 mag (i.e., a factor ∼1.6) redder than
the off-center region outside the U-shape. This feature
extends at least up to 10′′ (1.7 kpc on the sky) from the
nucleus. The redder part of it near the nucleus has an
elongation along the position angle of about 15◦, similar
to the faint CO(3–2) emission in Fig. 7.
We interpret the red feature to be an outflow cone em-
anating from the galactic center along the rotation axis
of the galaxy. The feature is very unlikely to be a struc-
ture on the galactic plane because such a feature would
be torn by differential rotation and also because the fea-
ture is on the minor axis of the galaxy. The minor axis
is determined by our viewpoint while a radial feature in
the galactic plane should have no preferred position an-
gle with respect to us. The outflow cone model does not
have this problem because any feature along the rota-
tion axis of the galaxy is always projected onto the mi-
nor axis. Also, the outflow can be bipolar in this model
even though we only see half of it in the color index
map. The fact that we see the red feature only on the
northwestern side suggests the side to be the near side of
the outflow and the far side of the galaxy disk, against
which the outflow cone is visible as a red silhouette due
to color-dependent extinction. Dust in the cone probably
causes the extinction and the reddening. Our CO veloc-
ity data in Fig. 7 cover only a small fraction of the red
optical feature and do not reveal the gas motion in the
red cone. The data only tell that the velocity field within
a radius of ∼500 pc is more complicated than expected
from purely circular rotation around the center. How-
ever, Lehnert & Heckman (1995) reported a 200 km s−1
velocity shift along the minor axis from their [N II] line
measurements for a survey of starburst winds. The veloc-
ity shift suggests radial motion of the ionized gas along
the polar axis. Although we cannot yet confirm an out-
ward radial motion because the direction of the [N II]
velocity shift was not given, the velocity shift along the
red cone better fits the outflow interpretation. For this
radial motion to be an inflow, gas and dust need to be
falling in the U-shape cone toward the nucleus along the
polar axis, which seems too much of a coincidence. Our
outflow model predicts that the gas on the northwestern
cone should be blueshifted on average with respect to the
nucleus.
Much closer to the nucleus, Evans et al. (2003) found
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radial dark lanes out to about 3′′ from the nucleus in their
near-infrared data. The lanes have an average position
angle of about 15◦ and are on both sides of the nucleus.
The fainter lane to the north is in the same direction
as the reddest part of the optical U-shaped feature as
well as the CO elongation. There might be therefore a
change of the outflow direction, first at P.A. ∼ 15◦ in the
innermost region (r < 3′′ ≈ 500 pc) and then along the
minor axis of the galaxy (P.A. ∼ −30◦) outward.
We estimate the gas mass in the outflow to be ∼4×107
M⊙. This is from the reddening and assumes a bipo-
lar structure of the outflow. The excess color index in
g′ − r′ is 0.8 mag at the central peak, about 0.5 mag in
the reddest 1 kpc2 near the base of the U-shape, and 1
mag kpc2 when integrated over 2 × 2 kpc2 encompass-
ing the entire U-shape. Adopting the Milky-Way extinc-
tion law of Ag′ − Az′ = 0.71AV and Σ(H + H2)/AV =
2 × 1021 H cm−2 = 16 M⊙ pc
−2, we estimate the gas
column density to be NH = 2 × 10
21 cm−2 at the peak,
the mean mass surface density in the reddest 1 kpc2 to
be about 10 M⊙ pc
−2, and the gas mass in the one side
of the outflow (i.e., the U-shape) to be about 2 × 107
M⊙. The mass in the entire outflow is twice the last
value on the assumption of a symmetric bipolar struc-
ture. This mass estimate assumes foreground-screen ex-
tinction. The 860 µm dust core mixed with stars in the
galactic center does not contribute much to the redden-
ing and, appropriately, to the mass estimated here. Note
that the reddening data (and hence the outflow mass esti-
mate from it) is more sensitive than our CO data in which
the U-shaped cone is not detected. The cone would have
a CO line brightness temperature on the order of only 0.1
K when the outflow gas is 100% molecular, its CO-to-H2
conversion factor is 2×1020 cm−2 (K km s−1)−1, and the
line has a velocity width of 30 km s−1 at each position.
This is about 0.5σ in our 0.′′6 resolution CO(3–2) data
cube.
We further estimate the kinematical age of the outflow
to be on the order 10 v−1200 Myr and the gas outflow rate
∼4 v200 M⊙ yr
−1. The parameter v200 is the outflow ve-
locity normalized by 200 km s−1 and is about unity for
the projected minor-axis velocity shear of 200 km s−1
measured in [N II]. The age (i.e., crossing time) of the
outflow is the ratio between the de-projected size of the
outflow cone, 2 kpc, and the outflow velocity. The mass
outflow rate from the nucleus is from the gas mass above
and the crossing time. We caution about the uncertain-
ties in these parameters due to the unknown velocities of
various outflow media, the poorly constrained extent of
the flow, and the uncertain projection effect. For exam-
ple, the ionized gas traced by [N II] and the dust causing
the reddening may have different bulk velocities. Also
the opening angle of the outflow and the possible bend
of the outflow direction add uncertainty to our outflow
velocity and to the parameters dependent on it. For ex-
ample, if the outflow velocity is as large as 1000 km s−1
seen in some molecular outflows (e.g., Chung et al. 2011;
Sakamoto 2012), the crossing time will be reduced to 2
Myr and the outflow rate will be ∼20M⊙ yr
−1. Another
caution is that, with the velocity information currently at
hand, we cannot tell whether the gas and dust blown out
from the nucleus to & 1 kpc above the galactic plane will
leave the galaxy or fall back to it. In the latter case, the
mass loss rate of the galaxy is smaller than the outflow
rate from the nucleus.
4. DISCUSSION
4.1. The Luminosity Source at the Nucleus
We have obtained several parameters to constrain the
nature of the luminosity source such as the Lbol, Mdyn,
size, and NH of the luminous core, and Σ(Lbol) ∼
108.5 L⊙ pc
−2 and Lbol/Mdyn ∼ 500 L⊙ M⊙
−1 calcu-
lated from them. While we derived these from our 860
µm observations alone they qualitatively agree with the
observations of Roche et al. (1986) and many others that
most of the luminosity of the galaxy must come from a
compact and deeply enshrouded nucleus. The param-
eter values are comparable to or higher than those in
the ultraluminous infrared galaxy Arp 220, where S08
obtained Lbol/Mdyn & 400 L⊙ M⊙
−1 and Σ(Lbol) &
107.6L⊙ pc
−2 in the central 80 pc of the western nucleus.
4.1.1. Constraint from L/M
A young starburst can have a bolometric luminosity to
mass ratio at or above 1000 L⊙ M⊙
−1 for 3–10 Myr de-
pending on the initial mass function while a bare AGN at
the Eddington luminosity has L/Mbh ≈ 10
4.5 L⊙ M⊙
−1.
Fig. 17 shows this for starbursts simulated using
Starburst99 (Leitherer et al. 1999; Va´zquez & Leitherer
2005; Leitherer et al. 2010) and the initial mass func-
tion (IMF) of Kroupa (2002). The duration of L/M &
1×103 L⊙ M⊙
−1 is about 5 Myr for the normal (i.e., un-
truncated) Kroupa IMF in both instantaneous and con-
tinuous starbursts. In a continuous starburst, the com-
bination of L/M ≈ 103 L⊙ M⊙
−1 and L ≈ 1011 L⊙ is
obtained with the star formation rates (SFRs) of 30–100
M⊙ yr
−1 at the ages of 3–1 Myr. The starburst can be
older and SFR lower if the IMF is biased toward high
masses compared to the standard one (e.g., age∼10 Myr
and SFR∼10 M⊙ yr
−1 for the IMF mass range of 1–
100 M⊙). The mass used for L/M in Fig. 17 is that of
newborn stars (or the black hole mass for the Eddington
limit). The dynamical mass in our observed Lbol/Mdyn
includes the gas covering the nucleus, the central black
hole, and the old stellar population preexisting the star-
burst or nuclear activity. The gas mass is not negligible
since it was estimated to be about half of the dynami-
cal mass (§3.3.2). Removing these from the denomina-
tor of the observed L/M ∼ 500 L⊙ M⊙
−1 will increase
the ratio to &1000 L⊙ M⊙
−1. Fig. 17 therefore suggests
that if a starburst is responsible for the core luminos-
ity of NGC 4418 its L/M is near the maximum that a
starburst can have only when it is young, assuming the
standard IMF. The L/M data from our submillimeter
observations therefore provide a new way to constrain
the age in the starburst model.
Regarding whether a compact and massive star clus-
ter mentioned above is able to form, it has been ar-
gued that the maximum L/M for a cluster-forming
gas cloud or disk is 500–1000 L⊙ M⊙
−1 (Scoville 2003;
Thompson et al. 2005). This limit is because too much
luminosity will blow out the star forming gas with radi-
ation pressure on dust and halt the star formation. The
observed L/M is close to this limit but does not clearly
exceed it. Murray (2009) predicted a mass-size relation
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for massive clusters taking the radiation pressure into
account. The diameters of 107.5 and 108 M⊙ clusters,
which can have ∼1011 L⊙ when young, are 5 and 10
pc respectively in his relation. Thus at least these con-
siderations do not reject the starburst model with the
parameters we currently have.
If the energy source of the 1011L⊙ core is an ac-
creting black hole then its Eddington ratio must be
log(L/LEdd) = −0.5± 0.3 assuming the black hole mass
of 107.0±0.3M⊙ (hence LEdd = 10
11.5±0.3 L⊙) estimated
from the bulge luminosity (C12, §3.4). Thus an AGN has
no problem to be the dominant energy source as long as
the L/Mbh is concerned. It has no problem to be smaller
than the 20 pc core either.
4.1.2. Constraint from Σ(Lbol)
The luminosity surface density that we obtained,
Σ(Lbol) = 10
8.5±0.5 L⊙ pc
−2 in the central 20 pc (Ta-
ble 6), is among the highest compared to the mid-
infrared survey of (ultra)luminous infrared galaxies, star-
bursts, and Seyfert nuclei by Soifer et al. (2000, 2001,
2003, 2004). In their 0.′′3–0.′′5 resolution survey, only
three out of twenty-two nuclei were found to have a sur-
face brightness (or its lower limit) at 108 L⊙ pc
−2 or
larger. All the three galaxies, Mrk 231, NGC 1275, and
NGC 7469, have an AGN. Their mid-IR cores have (up-
per limit) sizes of about 20 pc in two and 100 pc in
one. For comparison, the luminosity surface densities
of star formation-dominated nuclei are generally at or
below 107 L⊙ pc
−2. Between 107 and 108 L⊙ pc
−2
are ultraluminous infrared galaxies where both AGN
and starburst may be hidden behind a large amount
of gas and dust (Soifer et al. 2001). More recent obser-
vations by Imanishi et al. (2011) also support the mid-
IR compactness and higher luminosity surface densities
of AGNs compared to starbursts. There is a theoret-
ical model explaining the apparent limit for starbursts
around 107 L⊙ pc
−2. In it a nuclear gas disk opaque
at far-IR will have that luminosity surface density when
it supports itself by stellar radiation pressure and self-
regulates to have Toomre’s Q ∼ 1 (Thompson et al.
2005). This is for dust temperatures less than about
200 K or for “warm starbursts” in Andrews & Thompson
(2011). For dust temperatures above 200 K, which the
0.′′1 core of NGC 4418 may have, and for a gas surface
density of 105.8 M⊙ pc
−2 that corresponds to τ860 µm ∼ 1
of the continuum core, the disk at the Eddington limit is
in the “hot starburst” regime and will have a surface
brightness of ∼108.5 L⊙ pc
−2 (Andrews & Thompson
2011, see their Equation 7). According to our data
and this model, the nucleus of NGC 4418 has either an
energetically-dominant AGN or the hot starburst.
4.1.3. Constraint from Mass Budget
Our estimates of the masses in the central 30 pc of
NGC 4418 are summarized in Table 8. The mass of
young stars there, 108.0±0.5 M⊙, is for a model young
starburst having a luminosity of 1011 L⊙ and a plausi-
ble luminosity-to-mass ratio of 103.0±0.5 L⊙ M⊙
−1. The
mean star formation rate of this starburst would be 10–
100 M⊙ yr
−1 for a starburst age of 3 Myr. The mass of
old stars in the central 30 pc, ∼107.4 M⊙, is estimated for
an average (∼L∗) Sa-type galaxy using the K-band pho-
tometric parameters of Graham & Worley (2008, their
Table 3), their conversion formulae to radial mass distri-
bution (Terzic´ & Graham 2005), and the K-band mass to
light ratio 1.06M⊙/L⊙K for a 12 Gyr old stellar popula-
tion with [Fe/H]=0 (Worthey 1994). From the viewpoint
of mass budget, AGN dominance in luminosity would
eliminate the need for young stars and help fit the sum
of the component masses to the dynamical mass. The
information currently at hand, however, does not let us
conclude the AGN dominance from the mass budget be-
cause the masses used here typically have an uncertainty
of a factor of a few. The dynamical mass will be better
constrained with higher resolution observations.
4.1.4. Constraint from Time Scale
The current tentative estimate of the outflow kinemat-
ical age, 10 Myr, is marginally longer than the age that
an energetically-dominant starburst can have (§4.1.1). If
this is firmly confirmed, it would be against the nascent
starburst model.
4.1.5. Constraint from NH
The gas shroud around the nucleus can shield the X-
rays from the putative AGN because it is highly Comp-
ton thick with NH & 10
25 cm−2 to the galactic center
(§3.3.2).
4.1.6. Provisional Verdict
To summarize on the luminosity source, the large lu-
minosity of the nucleus can certainly be due to a hidden
AGN as far as the parameters L, L/M , Σ(Lbol), NH, and
mass budget of the nucleus are concerned. It would have
an Eddington ratio ∼0.3 with a factor of 2 uncertainty
if the black hole and the bulge follow the normal scaling
relation. This bolometric Eddington ratio is high com-
pared to the median ratio of 10−3 among local type 1
Seyferts (Ho 2008). In this sense the AGN mass accre-
tion is rapid in NGC 4418 if the AGN is the dominant
luminosity source. The black hole should be growing at
a higher rate than in most low luminosity AGNs. The
mass accretion rate to the black hole would be 0.1 M⊙
yr−1 for a 10% radiative efficiency and the luminosity
of 1011L⊙ (i.e., Lbol ≈ 0.1M˙c
2). The characteristic time
scale for the black hole growth is 108 yr at this rate. This
AGN gas consumption rate is much lower than the star
formation rate required for the same luminosity because
an AGN is more fuel-efficient.
A compact young starburst that has a mass ∼108 M⊙,
size< 20 pc, age∼ a few Myr, and L/M ∼ 103 L⊙ M⊙
−1
is an alternative that has not been excluded with our ob-
servations. (The age could be up to 10 Myr as far as
L/M is concerned, but starbursts older than 3 Myr are
less favored because supernova explosions would be de-
structive to the dusty core as argued by Roussel et al.
(2003).) While such a starburst would be at an edge of
the parameter space allowed for starbursts, it is notewor-
thy that the massive concentration of dense molecular
gas is a favorable environment for star formation. This
is true even if there is a major AGN.
A combination of less luminous young starburst and a
less luminous AGN is also possible as long as their total
luminosity is about 1011 L⊙. It remains to be seen with
more accurate mass, luminosity, and size measurements
and the constraints mentioned above whether the nucleus
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of NGC 4418 is in the parameter region where only a
dominant AGN is allowed.
4.1.7. Consistency Check with Radio Data
It is interesting to ask whether observations at radio
wavelengths, which do not suffer from extinction by dust,
are consistent with an energetically dominant starburst
in the nucleus. As noted in §4.1.1, a starburst consis-
tent with our SMA observations has a star formation
rate of about 30 M⊙ yr
−1 in the last 3.3 Myr so that
the starburst population has a stellar mass of 108 M⊙,
a luminosity to mass ratio of 103 L⊙ M⊙
−1, and the
observed luminosity of Lbol ∼ 10
11 L⊙. A younger star-
burst needs higher SFR to achieve the luminosity. We
note that the LIR–SFR relation of Kennicutt (1998) and
Kennicutt & Evans (2012) gives SFR ≈ 15 M⊙ yr
−1 for
the 1011L⊙. However, as one can see in Fig. 17 (b), a
continuous starburst at that SFR will be about 10 Myr
old when achieving the luminosity and by that time the
luminosity-to-mass ratio will drop by about 40% from its
peak to ∼600 L⊙ M⊙
−1, assuming the standard Kroupa
IMF. Thus, unless the IMF is truncated at low masses,
our L/M constraint prefers higher SFRs than estimated
from the standard LIR–SFR relation.
We estimate a lower limit of SFR & 9 M⊙ yr
−1 us-
ing three constraints from the radio data and an SFR
scaling relation of Murphy et al. (2011). The first con-
straint is the high brightness temperature of the nu-
cleus, &105 K at ∼2 GHz as reviewed in §1.1, at the
compact nuclear source (∼0.′′1–0.′′4). This exceeds the
temperature of H II regions (∼104 K) and hence sug-
gests the dominance of non-thermal synchrotron emis-
sion. The second constraint is from the radio flux den-
sities. The nucleus has 1.49 GHz (20 cm) and 4.86 GHz
(6 cm) flux densities of 38.5 mJy and 26.1 mJy, respec-
tively, from a source with a . 0.′′4 size (Condon et al.
1990; Baan & Klo¨ckner 2006); the resolutions of these
observations are about 0.′′4 and 0.′′15, respectively. The
20 cm luminosity of the nucleus is 5.3 × 1021 W Hz−1
assuming isotropy of the radio emission. The third
constraint is the spectral index between 20 and 6 cm,
α20–6 cm = −0.33 (for S ∝ ν
α). It is closer to the spec-
tral index of thermal free-free emission (α = −0.1) than
to that of non-thermal emission (α ≈ −0.8) both from
optically thin star-forming regions (e.g., Turner & Ho
1994; Murphy et al. 2011). The apparent inconsistency
between the first and third constraints can be reconciled
if the radio emission is partly opaque, i.e., if either syn-
chrotron self-absorption or free-free absorption by ther-
mal plasma is significant. We therefore re-derived the 20
cm flux density using the 6 cm data and a non-thermal
spectral index of −0.8, while noting that this simplified
correction will be insufficient if the 6 cm emission is also
opaque. The corrected 20 cm flux density and luminos-
ity are 67.2 mJy and 9.3 × 1021 W Hz−1, respectively.
The star formation rate of & 9 M⊙ yr
−1 is from this
20 cm luminosity and the formula (14) of Murphy et al.
(2011), which in our case is (SFR/M⊙yr
−1) = 6.64 ×
10−22(ν/GHz)−0.8(Lν/WHz
−1). This formula was de-
rived using the proportionality of supernova rate to the
star formation rate (adopting the ratio between them
from Starburst99) and the empirical relation between the
supernova rate and the non-thermal radio luminosity. A
similar star formation rate was derived in C12 from radio
data albeit without the opacity correction.
The radio-derived SFR is smaller than needed for the
starburst model at the face value. This may be for the
following (at least) two reasons if the starburst model is
correct. First, the radio SFR is a lower limit and can
be higher as mentioned above. Second, the SFR may be
underestimated because the starburst is very young and
is still deficient of supernovae compared to older star-
bursts for which the SFR formula above was derived.
This nascent starburst is what Roussel et al. (2003) ar-
gued for from the relative weakness of radio emission
compared to the infrared emission in this galaxy and
by analyzing radio data in a way similar to ours except
that they used lower-resolution data (beam ≥ 45′′). An
obvious weakness of this second explanation is that the
dominance of non-thermal emission (our first constraint)
does not accord with the very young starburst. The ra-
dio emission should be dominated by thermal emission
from H II regions rather than by non-thermal emission
from supernovae-induced cosmic rays as long as the nu-
cleus is optically thin at radio wavelengths. One could
still attribute the weak thermal emission to direct ab-
sorption of ionizing photons by dust and to high-opacity
of the free-free emission. Non-thermal synchrotron emis-
sion can be less affected by these owing to the higher
penetrating power of cosmic rays than ionizing photons.
These qualitative explanations are not particularly at-
tractive because of their complexity, but we do not yet
have a proof to rule them out.
In summary, the lower-limit SFR derived from radio
data under the starburst-dominant model is about a fac-
tor of three smaller than the lower-limit SFR needed
for the luminosity of the nucleus. Although various
uncertainties outlined above prevent us from excluding
the starburst model, an energetically dominant starburst
would need an elaborate model to explain the radio ob-
servations.
4.1.8. Implications for Previous Studies
We also note implications of our new observations to
a previous study of this energy source problem. Full
reanalysis of all existing observations in light of our new
data is beyond the scope of this paper.
Imanishi et al. (2004) used the presumed lack of shocks
in the nucleus of this non-merging galaxy and the high
HCN-to-HCO+ intensity ratio that they obtained toward
the nucleus to infer that the warm H2 they observed in
the nucleus is due to X-ray heating. They then esti-
mated the AGN luminosity from the H2 line luminosity
and reached a conclusion that the AGN is the dominant
energy source in the nucleus. Our discovery of the red
cone that we attribute to an outflow from the nucleus, as
well as the discovery by Gonza´lez-Alfonso et al. (2012a)
of the blue-shifted absorption presumably due to an in-
flow, raise the possibility of shock contribution to the in-
frared H2 lines. The HCN-to-HCO
+ ratio does not give
us the fraction of H2 luminosity due to an AGN. Regard-
ing the HCN-to-HCO+ ratio itself, while its enhancement
around AGN gained support from more recent observa-
tions at kpc resolutions (Krips et al. 2008), it has been
also found to vary within the center of a single galaxy
from one giant molecular cloud to another in the range
covered by the low-resolution observations of starbursts
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and AGNs (Meier & Turner 2012). The latter authors
suggested shock enhancement of HCN citing stronger en-
hancement of HCN than HCO+ in the molecular outflow
from a protostar (Bachiller & Perez Gutierrez 1997). In
addition, for the particular case of NGC 4418, our detec-
tion and analysis of rotational lines from vibrationally
excited HCN toward the nucleus (S10) further compli-
cate the line ratio analysis by introducing the excita-
tion path through the vibrationally excited state. At
present, no estimate exists for the fractional contribu-
tions of AGN X-rays and other mechanisms to the ob-
served high HCN/HCO+ ratio. Thus these recent ob-
servations make the assumed 100% contribution of X-
ray heating to the H2 line luminosity uncertain. There-
fore the AGN luminosity estimated from the H2 line
luminosity is more uncertain than it was at the time
Imanishi et al. (2004) interpreted their data. This is not
to say that the new observations are against the AGN hy-
pothesis because the AGN dominance can probably still
explain the observations and there are new observations
that prefer an AGN for molecular chemistry in the nu-
cleus (Gonza´lez-Alfonso et al. 2012b). As was the case
in the radio analysis reviewed above, we have a problem
that contributions of multiple (possible) mechanisms to
observed properties make a conclusive data interpreta-
tion difficult. It seems that we still need to accumulate
more constraints to obtain the breakdown of the lumi-
nosity sources in the nucleus.
4.2. The Gas/Dust Shroud of the Nucleus and
Comparison with Other Observations
The shroud of the 1011 L⊙ source is a ∼20 pc core
having τ860µm ∼ 1 and the surrounding &100 pc gas
concentration that is generally warmer and denser to-
ward the center. The Compton-thick core has a surface
temperature ∼150 K and a mean density ∼5×105 H2
cm−3 (§3.3.2). The radial variation of gas properties is
indicated by the emission size sequence of “CO > HCN,
HCO+> dust continuum” (§3.2), the continuum proper-
ties suggestive of “dense core + diffuse envelope” struc-
ture (§3.3.1 and 3.3.4), the larger velocity widths of lines
with higher critical densities (§3.4), and the dependence
of line ratios and equivalent widths on area size (§3.5).
The same emission size sequence was observed in Arp
220 (Sakamoto et al. 2009). The declining temperature
gradient from the center to larger radii has been an ex-
planation for the deep 9.7 µm depression in the mid-IR
spectrum (§1.1).
Our observations on the properties of the central gas
concentration are generally consistent with those from
the 1 mm observations in our companion paper (C12).
Leaving the comparison between the 1 mm and sub-mm
observations to that paper, we only mention that the de-
convolved CO(2–1) peak brightness temperature in C12
is 80 K to agree with the CO(3–2) peak Tb of 90 K and
that C12 also reports radial variation of gas properties.
Gonza´lez-Alfonso et al. (2012a) made a detailed anal-
ysis of the circumnuclear gas properties using Herschel
spectroscopy at 50–200 µm. They detected dozens of
high-excitation lines, mostly in absorption, from H2O,
OH, O I, HCN, NH3, and their
18O isotopologues at 100–
300 km s−1 resolutions. Using these lines, they made a
multi-component model in which the ISM is warmer in
more compact components. Our observations are con-
sistent with this trend. There are also agreements on
the dust temperature around 150 K at r ∼ 10 pc and
on the higher gas densities in more compact compo-
nents down to the r ∼ 10 pc component (according to
(τdust,200 µm/size) in their Table 1). A difference between
their model and our observations is that we detected
about 0.2 Jy of 860 µm continuum from a ∼0.′′1 (20 pc)
core whereas their model predicts a quarter of that from
a component of the same size and about the same tem-
perature (150 K). Our larger flux density and brightness
temperature lead us to a larger dust opacity for the core
at 860 µm. In order for the 50–200 µm and 860 µm ob-
servations to be consistent, it may be that the ISM in and
around the core is not uniform to allow more leakage of
emission from the warmer inner region than expected in
the case of uniform shells. Another possibility is that the
dust β is smaller than 2. Gonza´lez-Alfonso et al. (2012a)
also obtained an oxygen isotope abundance comparable
to that in the solar neighborhood, [16O/18O] ∼500. As
they noted, the lack of 18O enhancement through stellar
processing is in accord with the luminosity source being
an AGN and/or young pre-supernova starburst.
4.3. Evolution of the Luminous Nucleus
The formation and evolution of the the hidden lumi-
nous nucleus must be closely linked to those of the mas-
sive gas concentration at the nucleus. It is because the
concentrated gas affects the luminosity source and its
appearance through fueling and shielding.
4.3.1. What drove the large amount of gas to the nucleus?
The optical morphology of NGC 4418 (Fig. 1) does
not show significant disturbance or distortion to suggest
a major merger. There is a blue companion VV655 at
3′ southeast (30 kpc on the sky) and at about the same
redshift (2200 km s−1)9. Although the two are probably
physically associated with each other, the large separa-
tion is unlike that in Arp 220 whose merger nuclei have a
projected separation of only 0.3 kpc. For Arp 220 there is
no doubt that the concentration of a large amount of gas
to each nucleus was a consequence of the dynamical per-
turbation of the major merger. In contrast, NGC 4418
does not appear to have acquired its nuclear gas con-
centration, and hence the nuclear luminosity, through a
major merger although some properties of the nucleus
are similar to those in Arp 220.
A stellar bar and minor merger are milder mechanisms
for gas concentration than major merger and galaxy in-
teraction. For example, stellar bars are known to trans-
port cold gas in galaxy disks, sometimes as much as >108
M⊙, to the galactic centers (Sakamoto et al. 1999). If
the gas concentration in NGC 4418 were due to a stellar
bar the situation may be similar to the one in the barred
spiral galaxy NGC 3504 that has a single-peaked concen-
tration of molecular gas with a scale length of 220 pc and
a mass of 108 M⊙ in the central 200 pc (Kenney et al.
1993). The morphological classification of NGC 3504,
(R)SAB(s)ab, is very close to that of NGC 4418 (Ta-
ble 1) including the same moderate bar-type distortion.
9 What is cataloged in the atlas of interacting galaxies by
Vorontsov-Velyaminov (1977) is this companion itself and not the
pair of VV655 and NGC 4418.
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Currently our data of NGC 4418 show neither a kinemat-
ical sign of bar-driven gas dynamics nor any clear sign of
recent minor merger, although such signs may be found
in the future in the somewhat disorderly gas motion in
the central kpc (Fig. 7).
The nuclear gas concentration may also be because
most of the gas came from bulge stars. The gas origi-
nated from the galactic bulge through stellar winds and
supernovae explosions would have little net angular mo-
mentum. Therefore some of it will sink to the galactic
center when cooled. A stellar population with a normal
initial mass function returns about 30% of its mass to the
interstellar space in 1010 yr (Jungwiert et al. 2001). The
current bulge mass of NGC 4418 is about 0.6×1010 M⊙,
where we used the K band bulge luminosity in §3.4 and
the same luminosity to mass ratio as in §4.1.3. The cumu-
lative mass loss from the bulge stars should be therefore
about 3 × 109 M⊙. Stars formed from this gas should
have small specific angular momentum and hence fur-
ther mass loss from them should keep the low specific
angular momentum. The ∼109 M⊙ molecular gas cur-
rently concentrated to the nucleus may be a fraction of
the low angular momentum gas originated this way from
the bulge stars. (See Young et al. (2011), Davis et al.
(2011), and references therein for the general molecular
gas content in local early type galaxies and discussion on
their origins.)
We note two more galaxies that have been recently
found to host a compact and massive concentration of
molecular gas at their centers. NGC 1377 is an iso-
lated lenticular galaxy that shares infrared characteris-
tics such as the deep 9.7 µm absorption with NGC 4418.
Aalto et al. (2012) found a single-peaked ∼100 pc-scale
concentration of molecular gas at the nucleus and esti-
mated a total gas mass in the central 400 pc of ∼108 M⊙.
NGC 1266 is another lenticular galaxy that has a strong
concentration of molecular gas (∼108.5 M⊙) in the cen-
tral 100 pc without a clear sign of external disturbance
or bar-driven gas transport (Alatalo et al. 2011). There
may be a common mechanism to cause the compact mas-
sive gas concentrations in these galaxies and NGC 4418.
It may be the bulge-origin of the gas as mentioned above
since these galaxies have large bulge fractions.
4.3.2. Ongoing Evolution
Our discovery of an outflow feature from the center
of NGC 4418 makes the nucleus to have both an out-
flow and a previously known inflow. The inflow has
been seen on our sightline near the galactic plane (§3.4)
and the outflow is perpendicular to the galactic plane
(at least at >500 pc scales). Such complex gas motion
has been modeled around a galaxy nucleus hosting both
starburst and an active nucleus (e.g., Wada & Norman
2002; Wada 2012). Ohsuga et al. (2005) also simulated
an outflow+inflow system at a smaller scale around a
black hole and showed that the system can achieve the
Eddington luminosity or higher. While we tentatively
estimate the mass outflow rate to be ∼4 M⊙ yr
−1,
Gonza´lez-Alfonso et al. (2012a) estimated an inflow rate
of. 12M⊙ yr
−1 from the redshifted absorption lines they
found. The latter must be an overestimate because it as-
sumed a spherically symmetric inflow without knowing
the outflow. It is therefore possible that the net outflow
rate is close to zero or even positive.
The outflow from the deeply embedded nucleus may
be driven at least at its root by the radiation pres-
sure on dust from the luminous nucleus (Scoville 2003;
Murray et al. 2005). The criterion for a radiation-driven
outflow is given with the luminosity-to-mass ratio as
Lbol
Mdyn
>
4picG
κ
,
where κ is the mass opacity coefficient, c speed of light,
and G the gravitational constant. For fully ionized hy-
drogen plasma, κ is the ratio of the Thomson cross
section to the masses of proton and electron and is
σT/(mp + me) = 0.4 cm
2 g−1. The minimum L/M
for the outflow is thus the Eddington limit, 3.3 × 104
L⊙ M⊙
−1. For 3 µm mass opacity coefficient of 50
cm2 g−1 (Scoville 2003), where the opacity is due to dust,
the minimum L/M for the outflow is 300 L⊙ M⊙
−1. For
50 µm where the SED of NGC 4418 peaks, the mass
opacity coefficient is κ = 2.5 cm2 g−1 (Hildebrand 1983)
and the minimum L/M for the outflow is 5000 L⊙ M⊙
−1.
From these, a radiation-driven outflow appears possible
from the region where the peak of the SED is in near-
IR; the peak shifts to longer wavelength further from the
central source. Unlike the inner region where the radia-
tion pressure may drive the outflow, the outer region of
the outflow along the rotation axis of the galaxy may be
driven by thermal pressure since the polar direction is
the direction of the steepest pressure gradient.
With the inflow/outflow rates of several M⊙ yr
−1 the
ongoing evolution of the circumnuclear gas concentration
is rapid in the sense that most of the ∼108 M⊙ molecular
gas in the central 20 pc will be replaced in 10 Myr. Al-
though the presumed accreting disk + outflow structure
may stay longer with a continuous supply of gas from the
larger gas reservoir outside the 20 pc core, the degree of
nuclear obscuration may significantly vary in the gas-flow
time scale. The currently high L/M can also change by
an order of magnitude in 10 My for the starburst case
and by a larger factor in much shorter time in the AGN
case. These considerations suggest a rapid evolution and
a short duration of the current state of the NGC 4418
nucleus.
Finally, NGC 4418 and the two galaxies mentioned in
§4.3.1 for their nuclear gas concentrations share an out-
flow of molecular gas and/or dust from each nucleus. The
nuclear outflow from NGC 1377 is seen in CO kinemat-
ics (Aalto et al. 2012) and, as in NGC 4418, as a red
cone on a semi-minor axis in an optical color-index image
(Heisler & Vader 1994). Alatalo et al. (2011) found the
outflow of NGC 1266 from observations of CO, H I, and
ionized gas and suggested it to be AGN-driven. There
may be a common evolutionary relation between the
compact nuclear gas concentrations and the outflows in
these galaxies because a gas concentration is generally
expected to feed nuclear activities that can drive an out-
flow.
5. SUMMARY AND CONCLUSIONS
We made high-resolution 860 and 450 µm observa-
tions of NGC 4418, a luminous infrared galaxy having
a deeply embedded nucleus. Continuum and lines in-
cluding CO(3–2), HCN(4–3), HCO+(4–3), and CS(7–6)
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in the 350 GHz band were imaged at resolutions from
0.′′3 to 1′′(=165 pc) in the central 34′′ (5.6 kpc). Contin-
uum at 660 GHz (450 µm) was imaged at 0.′′2 resolution.
We also examined SDSS optical images for circumnuclear
features related to the luminous nucleus. Our key results
are the following:
1. The interstellar medium traced by the submillimeter
emission is found strongly concentrated toward the nu-
cleus. CO(3–2) emission is detected only in the central 1
kpc (6′′) of the galaxy with almost all the single-dish flux.
More than half of the CO flux in the central kpc is in the
central 165 pc (1′′). Higher excitation lines other than
CO are more concentrated toward the nucleus (FWHM
∼ 50 pc = 0.′′3), and the 860 µm continuum emission is
even more compact.
2. The peak brightness temperature of CO(3–2) in the
nuclear gas concentration is as high as 90 K at 0.′′3 (50 pc)
resolution, indicating the presence of hot molecular gas
in the nucleus. Other indications of hot or highly excited
molecular gas are lines from vibrationally excited HCN
and HC3N with upper energy levels at 660–1070 K above
the ground.
3. The 860 µm continuum emission at the nucleus
has a size of ∼0.′′1 (17 pc) in FWHM and deconvolved
peak brightness temperature (Tb) of about 210 K for a
Gaussian model. The diameter is 27 pc and Tb∼120 K
for a uniform disk (sphere) model. The 860 µm opacity
of this core is on the order of 1 and therefore the core
is Compton thick (NH & 10
25 cm−2). The bolometric
luminosity of this dusty core is estimated from these pa-
rameters to be Lbol ∼ 10
11.0 L⊙. Most of the galaxy
luminosity (1011.1 L⊙) is from this core. Its luminosity
surface density is Σ(Lbol) ∼ 10
8.5±0.5 L⊙ pc
−2.
4. Continuum emission at 450 µm also peaks at the
nucleus but its flux density in our 30 pc (≈0.′′2) resolu-
tion data is less than half of the total flux density from
single-dish observations. A more extended region than
the ∼0.′′1 core, presumably the region detected in CO(3–
2), must have significant 450 µm emission. Extinction
of the core by this colder envelope is a likely additional
reason for the small core contribution at 450 µm.
5. The dynamical mass within the central 30 pc is
estimated to be ∼2 × 108 M⊙ from the molecular gas
velocities in the central 0.′′5. The nucleus thus has
Lbol/Mdyn ∼ 500 L⊙/M⊙. Also, higher excitation lines
are found broader than lower excited ones in the nucleus.
This is likely due to faster gas motion and higher gas ex-
citation parameters (e.g., density and temperature) to-
ward the center. The CO line at r =0.′′25– 3′′ (40–500
pc) shows complex velocity structure that likely contains
radial motion in addition to rotation.
6. The observed high L/M , Σ(L), and NH as well as
the nuclear mass budget are consistent with a hidden
AGN to be the main luminosity source while they also
allow a young starburst. This confirms the proposition of
Roche et al. (1986) and subsequent researchers. A dom-
inant AGN would have a high Eddington ratio ∼0.3 for
the black hole expected from the bulge luminosity. For
star formation to achieve the observed L/M and Σ(Lbol),
there must be a compact concentration of . 5 Myr old
stars well within the central 20 pc with a total mass on
the order of 108 M⊙. Submillimeter data of higher qual-
ity will further constrain the nature of the nucleus.
7. We found in the optical data a U-shaped red feature
along a semi-minor axis of the galaxy. We suggest it to
be an outflow-induced cone seen in dust extinction (i.e.,
reddening). We estimate the mass of the outflowing gas
to be ∼4×107 M⊙ and the rate of mass outflow from the
nucleus to be ∼4 M⊙ yr
−1, although the latter is tenta-
tive. The luminous nucleus is blowing out its shroud in
the polar direction while it is still fed from another direc-
tion as suggested from the previously known redshifted
absorption. Because these radial flows can replace most
gas in the ∼20 pc core in only 107 yr, they should play a
significant role in the evolution of the luminous nucleus.
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TABLE 1
NGC 4418 parameters
Parameter Value note
R.A. (J2000) 12h26m54.s612 (1)
Dec. (J2000) −00◦52′39.′′41 (1)
Vsys [km s−1] 2100 (2)
D [Mpc] 34 (3)
Scale. 1′′ in pc 165
L8−1000µm [L⊙] 1011.1 (4)
LK [L⊙K] 10
10.3 (5)
LB [L⊙B] 10
9.8 (6)
Hubble type (R’)SAB(s)a (6)
P.A. [◦] 60 (7)
i [◦] 62 (8)
Note. — (1) Position of the 860
µm continuum nucleus measured in this
work. The absolute positional uncer-
tainty is estimated to be 0.′′02 from the
observations of a nearby quasar. Our
pointing position was R.A.=12h26m54.s620
Dec.=−00◦52′39.′′40 taken from the Sloan
Digital Sky Survey Release 6 through the
NASA Extragalactic Database. (2) Cen-
troid velocity of CO(2–1) spectrum (S10).
Its formal uncertainty from the Gaussian
fit is less than 1 km s−1 but see §3.4.
(3) The galaxy distance we adopt. For
Vsys(radio, LSR)=2100 km s
−1, the galaxy
redshift corrected for local flow in the way
of Mould et al. (2000) corresponds to an
angular-size and luminosity distance of 33.5
and 34.1 Mpc, respectively, for H0=73
km s−1 Mpc−1, Ωmatter = 0.73, Ωvacuum =
0.27. (4) From the IRAS flux measurements
in Sanders et al. (2003) and the formula in
Table 1 of Sanders & Mirabel (1996). (5)
Two Micron All Sky Survey, as listed in
the NASA Extragalactic Database. (6)
de Vaucouleurs et al. (1991). (7) Position
angle of the major axis from the Two Micron
All Sky Survey Extended Source Catalogue
(2MASS XSC; Jarrett et al. 2000). (8) Incli-
nation of the galaxy disk. The minor to ma-
jor axis ratio of b/a = 0.50 in 2MASS XSC
is translated to inclination assuming the in-
trinsic (edge-on) axial ratio of 0.2.
TABLE 2
Log of SMA observations
No. UT date fLO Nant array configuration Lbaseline τ225 〈Tsys〉 Tobs
[GHz] name pads [m] [K] [hr]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
1 2009 Mar. 3 348.742 7 VEX 1,12,16,17,19,20,21 40–509 0.07 237 4.6
2 2010 Mar. 3 347.698 6 VEX 1,16,17,18,19,20 85–509 0.04 153 4.3
2′ 2010 Mar. 3 663.041 5 VEX 1,17,18,19,20 110–458 0.04 1228 3.8
3 2010 Mar. 28 347.698 6 SC 1,2,3,4,5,6 6–25 0.05 204 2.1
4 2012 Feb. 5 347.728 7 EXT 1,9,12,14,15,16,17 24–222 0.04 163 4.9
Note. — (3) Frequency of the local oscillator. Upper (lower) sideband is from 4.0 to 6.0 GHz above (below)
this frequency for the first two tracks and from 4.0 to 8.0 GHz for the third and fourth tracks. (4) Number of
available antennas. (5) SMA antenna configuration. VEX=very extended, EXT=extended, SC=sub-compact.
(6) Antenna locations. See Ho et al. (2004) for a map with the numeric keys. (7) Range of projected-length of
baselines for NGC 4418. (8) Zenith opacity at 225 GHz measured at the Caltech Submillimeter Observatory
adjacent to the SMA. (9) Median double sideband (DSB) system temperature toward NGC 4418. (10) Total
integration time on the galaxy.
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TABLE 3
Data Properties
ID Data Source SB. Emission Beam ∆V Noise rms.
′′× ′′ km s−1 mJy beam−1 K(R-J)
(1) (2) (3) (4) (5) (6) (7) (8)
01 1 U HCO+(4–3) etc. 0.34×0.24 30 27 3.2
02 2 U HCN(4–3) etc. 0.36×0.26 30 20 2.2
03 1+2 L CO(3–2) 0.35×0.26 10 22 2.4
04 1+2 D 860 µm cont. 0.35×0.26 · · · a 2.4 0.27
05 1+3+4 U HCO+(4–3) 0.67×0.45 20 15 0.47
06 2+3+4 U HCN(4–3) 0.53×0.41 20 16 0.72
07 1+2+3+4 L CO(3–2) 0.69×0.55 10 14 0.38
08 3+4 L CS(7–6) 0.91×0.59 20 16 0.32
09 3+4 U 4 GHz spectrum 0.92×0.73 30 12 0.17
10 3+4 L 4 GHz spectrum 1.00×0.76 30 11 0.15
11 2′ D 450 µm cont. 0.23×0.15 · · · a 65 5.3
Note. — Column (2): Data source. The numbers are those in Table 2. Column (3): Sideband.
U=USB, L=LSB, D=double sideband=USB+LSB. Column (4): Main emission in the data. Column
(5): Major and minor axes (FWHM) of the synthesized beam. Column (6): Velocity resolution.
Columns (7) and (8): Noise r.m.s. intensity in the data. For lines this is for a channel of the width
in (6). The noise in (8) is in kelvin and in Rayleigh-Jeans brightness temperature.
a The mean frequency and total bandwidth of the continuum are respectively 348.2 and 3.5 GHz for
the 860 µm data and 663.0 and 3.9 GHz for the 450 µm data.
TABLE 4
Peak brightness temperatures and fluxes in the VEX data
Emission max Tb S, Sλ (0.
′′5 FWHM) f(0.′′5/6′′)
K(R-J) K(Planck) Jy km s−1, mJy
(1) (2) (3) (4) (5)
CO(J=3–2) 82 90 240 ± 3 0.32± 0.02
HCN(J=4–3) 24 31 80± 3 0.60± 0.05
HCO+(J=4–3) 20 28 39± 4 0.48± 0.06
H13CN(J=4–3) 13 20 29± 4 0.71± 0.13
HC15N(J=4–3) 8 15 17± 4 1.55± 0.57
HCN(v2=11f ,J=4–3) 13 20 18± 4 0.60± 0.15
860 µm continuum 17 24 168 ± 3 0.95± 0.07
450 µm continuum 31 45 369± 37 · · ·
Note. — Columns (2) and (3): Peak brightness temperatures measured in the VEX
data (data ID 01–04 and 11 in Table 3). No correction is made for missing flux and
beam dilution. Temperatures calculated using the Rayleigh-Jeans approximation and
the Planck function are given in (2) and (3), respectively. The maxTb is measured
in the 10 km s−1 resolution data for CO and 30 km s−1 for other lines. Column (4):
Line fluxes and continuum flux densities that we detected in the central 0.′′5 (FWHM).
They were measured from data ID 01–04 and 11 in Table 3 after convolving them to the
resolution. The line fluxes are integrated over 1900–2300 km s−1; for H13CN and HC15N
we doubled the flux of half that width since the other half of the line is either outside
of our bandwidth or blended with another line. Note that CO, HCN, and HCN(v2=1)
lines are blended with a nearby HC3N transition. The 1σ errors are for the thermal
noise. We estimate additional flux-scaling error to be ∼5 % for 345 GHz data and 40 %
for 660 GHz data. Column (5): Fraction of flux detected in our 0.′′5 data compared to
the 6′′ resolution data in S10 .
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TABLE 5
Visibility Fitting Results
source λ, line flux density size reduced χ2
mm Jy arcsec
(1) (2) (3) (4) (5)
NGC 4418 0.85 0.205 ± 0.002 0.101 ± 0.011 0.63
NGC 4418 HCN(4–3) 0.299 ± 0.006 0.245 ± 0.012 2.3
NGC 4418 HCO+(4–3) 0.204 ± 0.006 0.343 ± 0.028 0.51
Titan 0.85 3.41 ± 0.08 0.848 ± 0.008 1.9
Titan 0.88 3.28 ± 0.06 0.863 ± 0.007 1.9
J1222+042 0.85 0.55 ± 0.02 0.049 ± 0.023 2.8
J1222+042 0.88 0.53 ± 0.01 0.0 ± 0.0 3.2
Note. — Fitting of NGC 4418 used data from multiple array configurations;
2010 VEX, SC, and 2012 EXT. The VEX data of HCO+ had too low S/N
to be usable. Fitting of Titan and the quasar J1222+042 were to verify our
data analysis. The size of Titan based on ephemeris is 0.′′8425. Column (2):
Continuum wavelength or line name. The 0.85 mm continuum is from USB
and 0.88 mm is from LSB. Column (3): Flux density at zero baseline (i.e.,
total flux density). For lines, this is for the line emission averaged from 1900 to
2300 km s−1. Column (4): The size is FWHM of a Gaussian for quasars and
NGC 4418, and the diameter of a uniform-brightness disk for Titan.
TABLE 6
Luminosity Estimates of the Nucleus
shape size Tb logLbol log Σ(Lbol) log ρ(Lbol)
mas pc K L⊙ L⊙ pc−2 L⊙ pc−3
(1) (2) (3) (4) (5) (6) (7)
Gaussian 101 ± 11 17± 2 205 ± 47 11.3± 0.3 9.0± 0.4 8.0± 0.4
Disk/Sphere 162 ± 18 27± 3 119 ± 27 10.8± 0.3 8.1± 0.4 6.8± 0.4
Note. — Column (1): Assumed shape of the source to calculate the peak brightness
temperature. Disk is a circular disk (i.e., a sphere projected on the sky) with uniform
surface brightness. Columns (2) and (3): Source size is the FWHM for the Gaussian
model and the diameter for the Disk/Sphere model. Column (4): Brightness temperature
calculated with the Planck function. This is the peak value for the Gaussian model and
the value across the surface in the Disk/Sphere model. Column (5): Bolometric luminosity
of the source calculated from the source size, temperature, and the Stefan-Boltzmann law.
See §3.3.3. Columns (6) and (7): The mean surface density and volume density of the
luminosity within the size in the column (3).
TABLE 7
Line Velocities and Widths
Line Vc FWHM
km s−1 km s−1
HCO+(4–3) 2088.3 ± 4.2 235.1 ± 9.8
HCN(4–3) 2085.8 ± 2.8 252.7 ± 6.6
CO(3–2) 2097.8 ± 0.2 142.2 ± 0.5
CS(7–6) 2088.7 ± 4.6 225.8 ± 10.8
N2H+(3–2) 2099.8 ± 5.4 143.8 ± 12.8
HCO+(3–2) 2088.9 ± 3.5 197.9 ± 8.2
HCN(3–2) 2089.9 ± 3.0 244.9 ± 7.9
CO(2–1) 2100.4 ± 0.3 142.4 ± 0.7
Note. — Centroid velocities and widths of
molecular lines in the central 6′′ of NGC 4418.
The velocities are in the radio definition and
with respect to the LSR. These parameters are
from Gaussian fitting to the spectra in S10.
Errors are ±1σ. HCN(4–3) is blended with a
HC3N line on the low velocity side.
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TABLE 8
Mass Budget in the Central 30 pc
type logM note
[M⊙]
Mdyn(r ≤ 15 pc) 8.3± 0.3 (a)
Mbh 7.0± 0.3 (a)
Mmol(r ≤ 10 pc) ∼8.0 (b)
Myoung stars(r ≤ 10 pc) 8.0± 0.5 (c)
Mold stars(r ≤ 15 pc) ∼7.4 (d)
Note. — Numbers with ∼ may well have
0.3–0.5 dex uncertainties as others.
a See §3.4.
b See §3.3.2.
c See §4.1.3. Most of the luminosity-bearing
young stars must be well within the central 20
pc.
d See §4.1.3. For an average Sa galaxy with
MK = −23.8 mag. NGC 4418 is 0.3 times as
luminous.
ApJ in press 21
Fig. 1.— NGC 4418 optical image from the Sloan Digital Sky Survey (0.3–1 µm composite). The image size is 100′′ (16.5 kpc) on a
side. North is up and east is to the left.
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Fig. 3.— NGC 4418 spectra in the central ∼1′′ (data ID 09 and 10 in Table 3). No continuum subtraction has been made. The same
spectrum is plotted twice for the LSB data to show weak features (left scale) and the full spectrum (right scale). Horizontal bars under
strong lines indicate the velocity ranges of 1850–2350 km s−1, which are excluded when making continuum data. The central tick of each
bar is at 2100 km s−1.
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Fig. 7.— CO(3–2) maps made using three array configurations. (a) Integrated intensity. The nth contour is at 60n2 K km s−1. The
peak intensity is 9.4 × 103 K km s−1. (b) Intensity-weighted mean velocity. Contour interval is 10 km s−1. The plus sign in each panel
and the origin of the offset coordinates are at the position of the 860 µm continuum peak given in Table 1. The black ellipses show the
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Fig. 8.— Submillimeter line and continuum images at the center of NGC 4418; (a)–(d) are CO(3–2), (e)–(h) are HCN(4–3), (i) is
HCO+(4–3), (j) is HCN(v2=11f ,J=4–3), and (k) and (l) are 860 and 450 µm (DSB) continuum, respectively. Data from the VEX
configuration are used. The position of the 860 µm continuum peak, which is given in Table 1, is marked with the plus sign in each panel
and is used as the origin of the offset coordinates. The black ellipse in each panel shows the FWHM of the synthesized beam. The images
labeled with ‘mom0’, ‘mom1’, ‘mom2’ show integrated intensity (i.e., 0-th moment) in K km s−1, intensity-weighted mean velocity (1st
moment) in km s−1, and velocity dispersion (2nd moment) in km s−1, respectively, and those labeled with ‘max Tb’ show peak brightness
temperature in K. The contour information is as follows. (a) The nth contour is at 0.5n1.8 × 103 K km s−1. The peak value is 18× 103 K
km s−1. (b) 10 km s−1 steps. The contour crossing the continuum peak is at 2105 km s−1. (c) 10 km s−1 steps. (d) 10, 20, 40, 60, and 80
K (1σ=2.4 K). The peak is 82 K. (e) 0.78n 103 K km s−1. The peak is 6.7× 103 K km s−1. (f) 25 km s−1 steps. The contour crossing the
continuum peak is 2075 km s−1. (g) 10 km s−1 steps. (h) (1, 2, 3) × (6.6 K = 3 σ). The peak is 23 K. (i) (1, 2, 3) × 0.76× 103 K km s−1.
(j) The contour is at 0.74 × 103 K km s−1. (k) 0.8n1.5 K, starting at 3σ. The intensity peak is 17 K. (l) Contours are at (−3, 3, 5) × (1σ
= 5.3 K = 65 mJy beam−1). Peak = 31 K(R-J) = 374 mJy beam−1 = 5.8σ.
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Fig. 9.— Visibility fitting results. (a)–(c): Continuum data of NGC 4418, J1222+042 (a test point source), and Titan (a source with
known size). The latter two show 2010 VEX data alone. Dotted lines are Gaussian fits for (a) and (b) and a fit with a circular disk of
known diameter for (c). (d)–(e): Line data of NGC 4418 integrated over 1900–2300 km s−1 after continuum subtraction. Data shown in
blue, green, and red are from the SC, EXT, and VEX configurations of the SMA, respectively. Dotted lines are models fitted to the data.
See Table 5 for the fit parameters. The CO data could not be reasonably fit with a single Gaussian.
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Fig. 10.— Spectral energy distribution of NGC 4418 in its Rayleigh-Jeans part. Filled data points are from SMA observations; blue ones
are from the short baseline observations in Sakamoto et al. (2010) and red ones are from long baseline observations. Error bars are ±1σ.
The dashed line is a power law fit to the SMA data between 200 and 400 GHz. It has a spectral index of α = 2.55± 0.18 (for Sν ∝ να) and
is extrapolated to a wider frequency range to guide eyes. Non-SMA data are from the literature (Brauher et al. 2008; Sanders et al. 2003;
Yang & Phillips 2007; Roche & Chandler 1993; Dunne et al. 2000; Imanishi et al. 2004). No subtraction for line contamination is made for
the bolometer data between 100 GHz and 1 THz.
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Fig. 11.— (Top) Sampling of our 660 GHz observations in the u–v plane. (Bottom) Fraction of flux recovered in the simulations of our
observations for Gaussian sources with various sizes.
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Fig. 12.— Integrated intensity and mean velocity maps of HCN(4–3), HCO+(4–3), and CS(7–6) emission. Data from three array
configurations are used except for CS that was observed in two. The nth contour is at 70n1.8, 50n1.5, and 30n1.5 K km s−1 in (a), (c), and
(e), respectively. Velocity contours are in 10 km s−1 steps. The position of the 860 µm continuum peak, whose coordinates are in Table 1,
is marked with the plus sign in each panel and is used as the origin of the offset coordinates. The black ellipses show the FWHM sizes of
the synthesized beams.
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Fig. 13.— Position-velocity diagrams of molecular lines at the center of NGC 4418. Each PV cut is through the continuum peak and
along the position angle of 45◦. The origin of the abscissa is the continuum peak. The black rectangles at the bottom-right show the
spatial and velocity resolutions of the data. Contour steps are 8 K (3.3σ) for CO, 3.5 K (1.6σ) for HCN, and 5 K (1.6σ) for HCO+. The
highest-velocity emission in the CO diagram is from H13CN, and the low-velocity signal in the HCN diagram likely contains HC3N(39–38).
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Fig. 14.— (top) Line centroid velocity (Vc) and FWHM for the lines in Table 7. (bottom) Critical density (ncrit) at 50 K and FWHM
for the same lines. Error bars are ±4σ for CO and ±1σ for others. Molecular parameters for the ncrit are from the Leiden database
(Scho¨ier et al. 2005).
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Fig. 15.— CO(3–2) and HCN(4–3) line profiles in the central arcsecond of NGC 4418, sampled on a grid of 0.′′12 spacing. The origin
of the offset coordinates is at the 860 µm continuum peak, the spectrum observed at which is labeled with C. Velocity resolution of the
spectra is 10 and 30 km s−1 for CO and HCN, respectively. The rms noise per channel is 2.4 and 2.2 K for CO and HCN, respectively.
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Fig. 16.— Distribution of optical color in the center of NGC 4418. Flux ratio involving four SDSS bands, (i′ + z′)/(g′ + r′), is plotted
in such a way that regions brighter in the longer wavelengths i′ and z′ than the shorter wavelengths g′ and r′ are shown in red while low
ratio regions are shown in blue. The resolution of this image is 1.′′5. The origin of the offset coordinates is at the 860 µm continuum peak
and is marked with a plus sign. North is up and east is to the left.
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Fig. 17.— Evolution of starburst parameters simulated using Starburst99 and the IMF of Kroupa (2002), which has a power law index
of −1.3 for 0.1–0.5 M⊙ and −2.3 for 0.5–100 M⊙. (a) Luminosity-to-mass ratios for single-age (i.e., instantaneous) starburst populations
with three different IMF mass ranges. Also plotted is the Eddington L/M for fully ionized hydrogen plasma; the mass is the black hole
mass in the context of AGN. (b) Luminosity and luminosity-to-mass ratio of continuous starbursts with different SFRs. Thin solid lines
are starburst luminosities (left axis) for SFRs between 1 and 300 M⊙ yr−1. The thin dashed line is the starburst luminosity for SFR=10
M⊙ yr−1 and for the Kroupa IMF truncated to the range of 1–100 M⊙. The thick lines are the luminosity-to-mass ratios (right axis); the
dashed one is for the same truncated IMF as above. The L/M ratio is independent of the SFR.
